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ABSTRACT 
The fa r - i n f ra red absorption spectra of solut ions of tetra-n-alkylammonium 
sal ts have been studied in benzene, chloroform, carbon te t rach lor ide and 
tetrahydrofuran, as a funct ion of concentrat ion, temperature, solute and 
solvent. The absorption p r o f i l e has been computer f i t t e d to the sum of 3 
component bands, and the var ia t ion of band centre, half-band wid th , area 
and in tens i t y with concentrat ion, temperature, solute and solvent has been 
studied. The spectral features, and t he i r var ia t ion with the parameters above, 
have been shown to be consistent with the absorptions ar is ing from ion- ion 
v ib ra t ions , ion aggregate ' l i b r a t i o n a l ' absorptions and f luc tua t ing e lec t r i ca l 
f i e l d s , due to ' e f f e c t i v e ' dipole-induced dipole in te rac t ions . The observed 
in tens i t i es were seen to be reproduced for model geometries and e f fec t i ve 
aggregate d ipo les, which agreed well with those obtained from d i e l e c t r i c 
relaxat ion measurements. I t was concluded that the higher degree of ion-c lus ter -
ing in the solut ions leads to severe res t r i c t i ons on the movement of both 
solute and solvent species. I t is proposed that some solvent molecules may 
be trapped wi th in the ionic c lus te r . The absorptions of more polar systems 
have been compared with the non-polar systems. Computer programmes have been 
developed to compute re f rac t i ve index data from interferograms obtained with 
a Michelson interferometer operated in the dispersive mode. The experimental 
and computational procedures have been tested by determining the re f rac t i ve 
index of polytetraf luoroethylene sheets in the f a r - i n f r a r e d . Methods fo r the 
computation of i n tens i t i es from re f rac t i ve index values have been developed, 
and the in tens i t i es fo r the 202 cm - 1 band of polytetrafuoroethylene obtained 
by both dispersive and non-dispersive methods have been compared. A ce l l has 
been designed, constructed and tested, which can be used to measure the 
re f rac t ive index of l iqu ids and solut ions in the fa r - i n f ra red region. This ce l l 
has been incorporated in to a Beckman-RIIC L td . FS-720 interferometer, as an 
extra (dispersive) module. 
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PART A 
INSTRUMENTAL AND THEORY 
CHAPTER 1 
BASIC PRINCIPLES OF FAR-INFRARED INTERFEROMETRIC 
SPECTROSCOPY 
lo 
1.1 Introduct ion 
Spectroscopy in i t s broadest sense may be defined as the study 
of the in teract ions of electromagnetic rad iat ion wi th matter. This in terac-
t ion can be harnessed to provide useful propert ies of atoms, molecules and 
macroscopic bodies, which can then help in formulating relat ionships between 
a substances microstructure and i t s macroscopic or observable propert ies. At 
present we are fa r from the ult imate aim of the physical sciences, where a 
mathematical formulation of the forces w i th in a molecule and w i th in an 
ensemble of molecules, would enable us to calculate a l l the physical propert-
ies of a substance. With th is goal in mind th is thesis describes work 
performed in a study of f a r - i n f ra red opt ica l propert ies (pa r t i cu la r l y in the 
l i qu id phase) determined by the use of a Michelson interferometer. 
In the l i q u i d phase the f a r - i n f ra red opt ica l properties are 
important because the spectroscopic propert ies of the molecules depend upon 
the interact ions of the molecules with each other. In a pure l i q u i d the 
in teract ion can only be with other ' l i k e * molecules, whereas in a solut ion 
interact ions can take place between both ' l i k e ' solute molecules or with 
surrounding solvent molecules. A l l the physical and chemical propert ies of 
the molecules in the l i q u i d are influenced to some extent by these i n te rac t -
ions, but the spectroscopic propert ies are also determined by the in terna l 
v ibrat ions of the ind iv idual molecules themselves. Thus the spectroscopic 
properties can be used to study the bulk propert ies of a l i q u i d or so lu t i on , 
and also to study the indiv idual molecules making up the l i q u i d or so lu t i on . 
By studying the in terna l modes of the molecules in the system i t is possible 
to discover the e f fec ts of the environment on the molecule. This enables 
deductions to be made concerning the structure of the l i q u i d phase. 
Measurements of opt ica l constants are important since i t has 
been shown (1) that the in ternal and i n t e r m o d u l a r processes can be 
dist inquished by the d i f f e ren t dispersions of re f rac t i ve index which occur 
in the region of maximum absorption. We hoped that such r e f r a c t i v i t y 
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functions would give information regarding the processes involved in the 
low-frequency absorption of l i q u i d s . Absorptions in various l i q u i d systems 
have been thought of as ar is ing from three mechanisms. F i r s t l y , as a resu l t 
of residual motion of molecules which is known as the Poley-Hi l l resonance 
phenomenon (2 -4 ) . Secondly, from t rans la t ion movements of the molecule 
producing col l is ion- induced ef fects (5 -7 ) . Th i rd l y , from Debye dipole 
relaxat ion ( re f . 8, pps. 177-187). These mechanisms fo r absorption w i l l be 
discussed fu r ther in chapter 7 in the l i g h t of the experimental observations. 
To make the re f rac t i ve index measurements a ce l l had to be 
constructed to enable the l i q u i d sample to be contained in one arm of the 
interferometer used for such measurements. The design, construction and 
tes t ing of th is ce l l was to be the main object ive of the study. However 
d i f f i c u l t i e s were experienced in the construction of such a ce l l and the 
major i ty of the experimental work on the l i q u i d systems was conducted with 
the interferometer in the conventional, symmetric mode. 
This chapter introduces the background theory fo r in ter ferometr ic 
spectroscopy. F i r s t l y , the reasons for using an inter ferometer , rather than 
conventional dispersion systems, is discussed. The interferometer is then 
described and the relevent mathematics developed to indicate how the 
spectrum can be obtained from the interference pat tern . 
1.2 Why use interferometers? 
To answer th is question we need to return to the basics of 
spectroscopy. In an absorption experiment the sample under invest igat ion 
is placed in a path of rad ia t i on , between a sui table source and detector. 
A spectrum is a p lo t of the power absorbed by the sample as a funct ion of 
frequency. Radiation is a time-dependent f l uc tua t ing electromagnetic f i e l d , 
which, according to Fourier ( 9 ) , can be resolved in to an i n f i n i t e number of 
pure cosine and sine waves of d i f f e r i n g frequencies. Therefore the spectrum, 
being the p lo t of the power of the component waves ly ing between frequency 
v and v + 3v as a funct ion of the frequency, is the Fourier Transform of the 
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temporal f luc tuat ions of the electromagnetic f i e l d . 
In the f a r - i n f r a red region, by convention usually taken as the 
region of the spectrum between 3 and 500 cm 1 (3333 and 20 ym), one is 
l im i ted by the avai lable sources being incoherent (black body) sources, 
and the only avai lable detectors giv ing a d.c. output proport ional to the 
mean power of the to ta l inc ident rad ia t ion . Since the source is broad-band 
then the Fourier components of the radiat ion are a l l scrambled and have to 
be unscrambled before they reach the detector. One technique for unscrambling 
the Fourier components is based upon the delay p r inc ip le (10) . 
The simplest device u t i l i s i n g the delay p r inc ip le is the prism, 
as was demonstrated by Newton when he observed the s p l i t t i n g of the v i s i b le 
port ion of the suns rays in to t he i r spectral components by spat ia l separat ion. 
I f a para l le l beam of monochromatic l i g h t is inc ident upon one of the i n c l i -
ned faces of a prism, then the emerging beam can be condensed to a point 
image by use of a lens. The emerging beam has been deviated by the prism 
from i t s o r ig ina l path by an angle dependent upon the re f rac t ive index of 
the prism. The i n f i n i t e number of rays in to which the beam of l i g h t i s 
divided by the inc l ined faces have a l l t rave l led d i f f e r e n t pathlengths w i th in 
the prism. Interference between the beams w i l l be construct ive at only one 
angle of dev ia t ion , and destruct ive at a l l other angles. I f l i g h t containing 
two components of d i f f e ren t frequencies is inc ident upon the prism then the 
two components w i l l have d i f f e ren t deviat ions, since the re f rac t i ve index 
depends upon the frequency due to dispersion e f f e c t s , and w i l l form images 
at d i f f e ren t points on the image plane i f the l i g h t emerging from the prism 
is brought to a focus by use of a lens, so that interference can occur. 
Thus a spat ia l separation of the spectral components has been obtained, and 
a detector can be used to obtain a p lo t of power w i th in a small frequency 
increment against the frequency, which is known as the spectrum. 
A d i f f r a c t i o n grat ing s im i l a r l y u t i l i s e s the delay p r i nc i p l e . 
When p a r a l l e l , monochromatic l i g h t is inc ident upon a grat ing of narrow 
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s t r ips of per fec t ly t ransmit t ing regions separated by regions which are 
t o t a l l y opaque, then the l i g h t emerging from the grat ing at a pa r t i cu la r 
angle can be focused to a point by a lens. The in tens i t y in the image plane 
shows strong maxima and minima dependent upon the angle of the rays 
emerging from the g ra t ing . A grat ing produces a large number of maxima when 
i r rad ia ted with monochromatic l i g h t and these maxima are referred to as 
orders of the g ra t ing . I f the grat ing is i r rad ia ted with polychromic l i g h t 
then fo r a l l orders of the grat ing greater than zero the d i f f e ren t frequen-
cies are imaged to d i f f e ren t points in the same order. Thus a spectrum is 
produced for each order of the gra t ing . The d i f f r a c t i o n grat ing is thus an 
interferometer u t i l i s i n g a f i n i t e number of beams, whereas the prism is an 
interferometer u t i l i s i n g an i n f i n i t e number of beams. 
I f the band-width of radiat ion inc ident upon a d i f f r a c t i o n grat ing 
is large then the spectra produced from one order w i l l overlap spectra from 
another order and much confusion can a r i se . Decreasing the number of beams 
w i l l thus assis t in in te rp re ta t ion of the spectral record. I f the delay 
pr inc ip le is to be employed then the minimum number of beams possible is two^ 
and th is is the number found in the Michelson inter ferometer. 
1.3 The Michelson interferometer 
In a Michelson interferometer (see f i g . U ) incoherent rad iat ion 
from the source, S f a l l s upon a beam-spl i t ter , B, inc l ined at 45° to the 
beam, where part of the radiat ion is re f lec ted and part is t ransmit ted. These 
two beams travel to the mi r ro rs , M-| and M,,, which are set at 90° to the 
beam, and hence the two beams return along t h e i r respective paths and are 
recombined at the beam-spl i t ter and interference occurs. The two beams are 
once again divided by the beam-spl i t ter and a beam of l i g h t is incident on 
the detector, D. The in tens i t y of the l i g h t beam inc ident on the detector 
is determined by the path-di f ference introduced between the two beams before 
interference occurs. The path-di f ference is introduced by t rans la t ing one 
of the mirrors in a d i rec t ion para l le l to the beam inc ident upon i t . Varying 
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degrees of interference are produced fo r d i f f e ren t frequencies depending 
upon the opt ica l path-dif ference between the beams re f lec ted from the two 
mi r rors . The balanced position^where there is no opt ica l path-di f ference 
between the beams, and where interference fo r a l l frequencies is completely 
construct ive is cal led the 'Grand Maximum1. The Michelson interference 
fr inges have cy l i nd r i ca l symmetry and the interference pattern produced at 
the detector is thus a series of concentric r ings . The system is set up so 
that the detector measures only the in tens i t y of the central f r inge of the 
interference pat tern . F ig. 1.2 shows a typ ical interference func t ion , or 
interferogram, fo r opt ical path-dif ferences of -0.4 to +0.4 cm fo r broad-
band rad ia t ion between 10 and 250 cm"^. 
1.4 Derivation of the basic in tegra l equation fo r Fourier Transform 
Spectroscopy. 
The in tens i ty of the beam reaching the detector is determined 
by considering the Fourier components of the recombined l i g h t beams. For 
one Fourier component in a beam of l i g h t the e l e c t r i c f i e l d vector ampl i t -
ude E(t ) at time t is given by: 
E( t ) = Ecos(2irvt) 1.1 
where v is the frequency (Hz) 
E is the e l ec t r i c vector amplitude at time t = 0. 
Let us consider one Fourier component f o r the two recombined beams at time 
t , where the second beam has t rave l led an extra opt ical path-di f ference 
x. The resul tant e l e c t r i c f i e l d amplitude, E R ( t ) is given by: 
E R ( t ) = Ecos(2irvt) + Ecos(2Trvt + 2 T T V X / C ) 1.2 
where c is the ve loc i ty of l i g h t . 
Eqn. 1.2 assumes that when two beams superimpose then the resul tant 
e l ec t r i c vector is the sum of the e l e c t r i c vectors in the two beams. The 
equation fu r ther assumes that the two beams have equal amplitudes. This w i l l 
be the case for symmetric Fourier Transform Spectroscopy providing that 
the e f f i c ienc ies of transmission and re f l ec t i on at the beam-spl i t ter are 
Ld 
U 
Z 
LJ 
a . Q 
o 
+ 
0 0 o 
CsJ o 
+ 
o 
o 
o 
CM 
O 
CO o 
O 
< 
O 
O 
cr 
L L 
Q: 
L J J 
h -
< 
u 
>-
C M 
o 
13 
equal,and also that the r e f l e c t i v i t i e s of the two mirrors are equal. The 
amplitudes of the two beams w i l l not be equal i n the case of Asymmetric 
Fourier Transform Spectroscopy^where the sample is placed in one beam 
only , and not in the recombined beam as for Symmetric Fourier Transform 
Spectroscopy (see chapter 8 ) . 
I f eqn. 1.2 is now expressed in terms of wavenumbers, i . e . 
w r i t i ng v = v/c i t becomes: 
E R ( t ) = E{cos(2irvt) + cos(2frvt + 2irvx)} 1.3 
The mean in tens i t y at the image point is given by the time average of the 
square of the e l ec t r i c vector amplitudes fo r each Fourier component: 
E R 2 ( t ) = E2{cos(2TTvt) + cos(2Trvt + 2TTVX)}2 1.4 
Since cosA + cosB = 2cos{(A+B)/2}.cos{(A-B)/2} 
E R 2 ( t ) = 4E2{cos(2TTvt + TTVX).COS(TTVX)}2 1.5 
The time average of the term cos2(27rvt + TTVX) w i l l be a constant and hence 
the time average can be w r i t t e n : 
E R 2 = (constant) .E 2cos 2( irvx) 1.6 
Equation 1.6 gives the spectral in tens i ty due to one Fourier component. 
I f a source emit t ing l i g h t of continuous spectrum from zero to i n f i n i t e 
frequency is considered then a l l the in tens i ty values 61 fo r the indiv idual 
components have to be summed. Thus we have: 
61 = E R 2 = (constant) .E 2COS 2(TTVX) 1.7 
/ ; 61.6v = I ( x ) = / E 2 . 6v 1.8 
0 "Sv 0 K 
I ( x ) = (constant)./°° E 2 .COS 2 (TTVX).6v 1.9 
Where I ( x ) is the to ta l in tens i ty a r r i v ing at the detector fo r an opt ica l 
path-di f ference x. I ( x ) is in fac t the interferogram func t ion . 
The spectral in tens i ty can be related to the square of the e lec t r i ca l 
vector amplitude as shown by Strong ( re f . 11 , p47). 
S(v,x) = | ck Q E*(v ,x ) .E (v ,x ) 1.10 
where / " E*(a) = / " E(-a) 
11*. 
Eqn. 1.10 can be rewr i t ten as: 
S(v,x) = (constant ) .E*(v ,x) .E(v ,x) 1.11 
where S(v,x) is the spectral func t ion . 
Since the e lec t r i ca l vector amplitude is a real quant i ty , Ep is Hermitian 
( re f . 12, p 35) and hence: 
/ ~ E * ( v , x ) = ^ E ( v . x ) 
and S(v,x) = (constant ) .E 2 (v ,x) 1.12 
-BS'ing-tPTfs re la t ionship in eqn. 1.9 gives: 
I ( x ) = (constant) . /^S(v) ,COS 2(TTVX) ,6V 1.13 
now since cos 2x = J(l+cos2x) 
I ( x ) = (constant) . |/~S(V).(1+COS2TTVX).6V 1.14 
£qn. 1.14 is the autocorrelat ion funct ion fo r the radiat ion incident at 
the detector. Now we can wr i te 
I ' ( x ) = I ( x ) - i / "S(v ) .6v 1.15 
We now have a modified interferogram funct ion I ' ( x ) . To understand c lear ly 
the re la t ionship between I ' ( x ) and I ( x ) i t is necessary to consider the 
interferogram funct ion I ( x ) at large opt ica l path-d i f ferences, i . e . when 
x in eqn 1.14 approaches i n f i n i t y . The COS(2TTVX) term w i l l osc i l l a t e very 
rapid ly and w i l l average zero. Hence fo r i n f i n i t e x eqn. 1.14 becomes: 
I (») = (constant) .J / "S(v) .6v 1 , 1 6 
Eqn. 1.15 can thus be rewr i t ten as: 
I ' ( x ) = I ( x ) - 1.17 
Thus we are subtract ing the constant level of the interferogram at large 
path-dif ferences from the interferogram funct ion I ( x ) , leaving only the 
modulating interferogram funct ion I ' ( x ) . Subst i tu t ing eqn. 1.15 in to 
eqn. 1.14 gives: 
I ' ( x ) = (constant). /~S(v).cos(2irvx).6v 1.18 
Thus we have a re lat ionship between the modulating interferogram and the 
spectral i n tens i t y funct ion S(v) . A l l that remains is to discover a 
method fo r re t r iev ing S(v) from eqn. 1.18. 
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I f f ( t ) represents a quant i ty that varies wi th time then f ( t ) can be 
analysed in to an in tegra l sum of harmonic osc i l l a t i ons over a continuous 
range of frequencies (13) . This can be represented by the pair of equations: 
F ( w ) = £ f ( t ) . e " J ' u t . 6 t 1.19 
f ( t ) = I O ( w ) . e j w t . 6 o j 1.20 
from eqn. 1.19: 
F ( w ) = O ^ t M c o s f w t ) - j s i n ( w t ) ) 6 t 1.21 
now ui = 2TTV = 2TTVC and t = distance/speed = 1/c 
Thus 6t = 1/c fit = 61/c 
6T 
F(2TTVC) = f ( l ) {cos(2Tiv l ) - j s i n (2T rv l ) } . 6 l 1.22 
c c 
F(v) = 1 . /^° f ( l ) : . {cos(27^1) - j s i n ( 2 ™ i ) . S l 1.23 
2TTC 3 
now ai. = 2TTVC &os = 2TTC 
6v 
from eqn. 1.20 
l f ( l ) = 2TTC/^F(2TTVC).{COS(2TTV1) + js in(2iTvl ) } 1.24 
c 2ir 
f ( l ) = 2TTC 3 / ^F (V) . {COS(2T^1) + js in(2Trol)} 1.25 
The Fourier pa i r re la t i ng wavenumber and distance are thus: 
F(v) = /^ f ( l ) . {cos(2TTv l ) - j s i n ( 2 ™ i ) } . S l 1.26 
f ( l ) =/^F(V). {COS(2TTV1) - jsin(2TTvl)}.6v . 1.27 
Clearly a change of in tegra t ion l im i t s is necessary before comparisons 
can be made between eqns. 1.18 and 1.27. Using the re la t ion derived by 
Bell ( r e f . 12, p. 36): 
0 ( v ) . e j 2 ™ x . 6 v = 2 / ; R e { b ( v ) . e j 2 7 ^ x } . 6 v 1.28 
«^00 — •» — CO — mm mm 
thus / ^ ( v ) , { C O S ( 2 T T V X ) - jsin(2Trvx)} = 2/ q S(V).COS(2TTVX).6V 
1.29 
Therefore eqn. 1.18 can be rewr i t ten as: 
I ' ( x ) = (constant) . /^°°S(v) .COS(2TTVX) ,6V 1.30 
1fe 
By comparing eqn. 1.30 with eqn. 1.27 and using the other hal f of the 
Fourier pair eqn. 1.26 i t can be seen that the spectral funct ion S(v) 
is obtainable by the Fourier Transformation of the modified i n te r f e ro -
gram funct ion I ^ x ) . 
S(v) = (constant) . / ^ I 1 (x) .COS(2TTVX) .Sx 1.31 
To obtain a spectrum i t is only necessary to repeat the Fourier Transfor-
mation using eqn. 1.31 fo r each wavenumber in the frequency range of 
i n te res t . To give a spectrum over a usable frequency range the ca lcu la t -
ions are fa r too complex and tedious to carry out by hand, but they are 
easi ly handled by a high speed d i g i t a l computer. The Michelson i n te r f e ro -
meter must therefore be coupled t o , or be associated w i t h , a computer to 
give a useful submil l imetre spectrometer. F ig . 1.3 gives a schematic 
representation of a complete spectrometer. 
Normally the propor t iona l i ty constant in eqn. 1.31 is omit ted. 
This is permissible since rat ioed spectra of sample to background are 
recorded, the ra t io ing process a lev ia t ing the need to know the value fo r 
the constant. I f a non-ratioed spectrum is recorded then the spectrum is 
represented on a normalised transmission scale, where normalisation takes 
place to peak transmission wi th in the frequency range of i n t e res t , making 
the p ropor t iona l i t y constant of purely academic i n t e res t . Eqn. 1.31 is 
thus replaced by: 
S(v) = / ^ V ( X ) . C O S ( 2 T T V X ) . 6 X 1.32 
or by using eqn. 1.17: 
S(v) = 0 ( I ( x ) - I (») ) .COS(2TTVX)} .6X 1.33 
Fourier Transform Spectroscopy can thus be seen to be a t roub le-
some, i nd i rec t method to measure a spectrum, which, nevertheless, has to 
be employed in the submi11imetre-wave region, where sources do not emit 
much rad ia t i on , since i t is less wasteful of the radiat ion that is present. 
To emphasize the need fo r optimal use of avai lable radiat ion in the f a r -
in f rared i t is a sobering thought that less than 1 part in 101* of the to ta l 
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radiat ion emitted by a black-body source at 1000°K l i es w i th in the 
frequency range 0-100 cm~^ ( re f . 8, p. 13). 
1.5 Beam-splitter operation ,'' 
The most crucia l part of the Michel son interferometer is the 
beam-spl i t ter or beam-divider. The purpose of the beam-spl i t ter i s to 
f i r s t l y divide the wave-trains from the source in to two separate beams, 
so that an opt ica l path-di f ference can be introduced in to one beam re la t i ve 
to the other, and secondly to co l lec t the returning wave-trains so that 
interference can occur between the recombined beams. The beam-spl i t ter is 
thus v i t a l to the operation of the Michelson inter ferometer. 
The beam-spl i t ter is placed at 45° to the incident beam from 
the source and the ideal beamsplitter would be an i n f i n i t e l y th in f i l m 
having no absorption and giv ing 50% re f l ec t i on and 50% transmission of the 
incoming beam. Even using th is perfect beam-spl i t ter i t should be noted 
that 50% of the rad ia t ion from the source is returned to the source, rather 
than being sent to the detector. In the Michelson interferometer 50% of the 
rad ia t ion in each beam returning to the beam-spl i t ter is once again 
re f lected and 50% is t ransmit ted. Thus only 50% of the source rad iat ion 
reaches the detector, and hence even wi th a perfect beam-spl i t ter the 
Michelson interferometer is only 50% e f f i c i e n t in using the radiat ion 
avai lable from the source. 
In the f a r - i n f r a r e d , t h i n d i e l e c t r i c f i l m beam-spli t ters are 
used since they have approximately equal t ransmiss iv i t ies and r e f l e c t i v i t i e s . 
Mul t ip le beam interference occurs in the beam-spl i t ter i t s e l f ( th is should 
not be confused with the interference occuring between the recombined 
beams which only occurs when the beams are focused on the detector window 
using a lens) and the resu l t ing white l i g h t interference pattern can be 
used to a l ign the inter ferometer , to ensure that the mirrors are normal to the 
beams. The fr inges are observable^when the interferometer is in the balanced 
posi t ion, by placing a white card in the recombined beam. The f r inge contrast 
is increased by a l te r i ng mirror t i l t s to give the best possible alignment. 
The in tens i t y at a given point in the image plane in the 
recombined beam w i l l vary depending upon the degree of constructive 
in ter ference. Thus a br ight f r inge w i l l be observed when ( re f . 14, p. 710) 
2nt.cos0 = (m+|)X m = 0,1,2 1.34 
where n is the re f rac t ive index of the f i l m , 
t is the thickness of the f i l m 
0 is the angle at which the refracted rays pass through the f i l m 
A is the wavelength of the rad ia t ion 
Let t ing v be the frequency fo r maximum transmission, i . e . the frequency 
fo r the centre of the br igh t f r i nge : 
v = (2m+l).„ . _ m = 0,1,2 1.35 
max v V4nt.cos0 ' 
Using n = 1.85, t = 12.5 urn and an angle of incidence to the f i l m of 45° 
giv ing an angle of re f rac t ion of 22.5° (by Snel l 's Law s in i . . = n) 3 3 3 / s m r ' 
gives v m a x = 117, 351, and 585 cm"1 f o r m = 0,1 and 2 respect ively. Table 
1.1 gives the f i r s t frequencies of maximum transmission fo r given thickne-
sses of beam-spl i t ter . The frequencies were calculated using eqn. 1.35 with 
a re f rac t i ve index of 1.85 and an angle of incidence of 45°. 
The mul t ip le interference in the beam-spl i t ter thus shows 
'hooping 1 as a funct ion of frequency and th is l i m i t s the useful range of 
the interferometer to regions away from the centres of the dark f r i nges . 
Very l i t t l e energy reaches the detector f o r frequencies near v • • F ig . 1.4 
shows a theoret ica l transmission spectrum fo r a beam-spl i t ter of 12.5 ym 
thickness. The experimentally observed character is t ics of various beam-spli-
t t e rs w i l l be dealt with in chapter 2, but i t can already be seen that 
severe d i f f i c u l t i e s w i l l ar ise i f spectra are required over a few octaves 
of frequency. This w i l l be especial ly troublesome in the low-frequency 
region. To scan any reasonable range in the submil l imetre region several 
d i f f e ren t beamsplitters have to be used. I t is per t inent to note here that 
Table 1.1 Theoretical frequencies of f i r s t maximum transmission 
fo r various thicknesses of beamsplitter 
Gauge Thickness Max. Trans. 
/ym /cm" 1 
400 100 15 
200 50 29 
100 25 59 
50 12.5 117 
25 6 234 
15 3.5 468 
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polar is ing wire grids have been used as beam-spli t ters in the low-frequency 
region (15) . There is no internal interference wi th these wire grids and 
hence no 'hooping' occurs. 
1.6 Advantages and disadvantages of Fourier Transform Spectroscopy. 
The pr inc ip le advantage of Fourier Transform Spectroscopy over 
convential spectroscopy is i t s higher s ignal- to-noise r a t i o . This is a 
consequence of the interferogram containing information about a l l the 
spectral elements w i th in the spectral range being studied. This advantage 
is known as the Mult ip lex advantage, and was f i r s t pointed out by F e l l g e t ) -
(16,17). Using in ter ferometr ic techniques each spectral element, N or 
spectral in te rva l equal to the reso lu t ion , is observed for the to ta l time 
taken to record the interferogram T. In a grat ing spectrometer each spectral 
element is studied only during the time in terva l T ^ before the dispersive 
system moves to the next element. In the submil l imetre region the p r inc ip le 
source of noise is the detector, and hence the interferometer system is said 
to be detector-noise l i m i t e d . In such a system the s ignal- to-noise ra t i o 
w i l l be d i r e c t l y proport ional to the incident power, and since the incident 
power is proport ional to the square-root of the observation t ime, then the 
s ignal- to-noise ra t i o is also proport ional to the square-root of the 
observation t ime. Thus fo r an interferometer the s ignal- to-noise ra t i o w i l l 
be proport ional to T^, and fo r a dispersive instrument i t w i l l be proport ional 
to 1^J Thus the interferometer is superior to the dispersive system in 
s ignal - to-noise ra t i o by a factor N^. Fel lget emphasized that the Mult ip lex 
advantage is a property of the system as a whole. I t occurs when a l l the 
spectral elements or channels are observed simultaneously. Thus a photograph-
ic instrument f i t t e d with a photographic plate is a mul t ip lex system (18) . 
I t is important to note here that the interferometer only gains 
i t s f u l l advantage i f the system is detector-noise l i m i t e d . I f , in f a c t , 
th is is not the case and the system is source-noise l i m i t e d , then var iat ions 
in the source a f fec t the whole spectrum, since the whole mean level i s 
n 
affected in a non-dispersive instrument. A dispersive system would su i t 
the source- l imited s i tua t ion more, since only the par t i cu la r frequency 
being scanned at the time of the f luc tua t ion w i l l be af fected by the source 
var ia t ions . 
A second important advantage of interferometers over grat ing 
instruments was described by Jacquinot (19) as the 'throughput* or 'entendu* 
advantage. Put simply th is states that the e f fec t i ve source area in a 
dispersive instrument is the s l i t area, and so the l i g h t f l ux w i th in the 
instrument is l im i ted by the area of the s l i t s . This s l i t area cannot be 
large because the s l i t s need to r e l a t i ve l y narrow to give reasonable spectral 
reso lu t ion . The s l i t s also have a maximum length which is determined by the 
size of the prisms which are used to create the dispersion in the instrument. 
The l i g h t f l ux in a dispersive instrument is thus small wi th respect to the 
to ta l avai lable from the source. With the interferometer the l i g h t f l ux is 
l im i ted only by the size of the mi r ro rs , which are usually over 7 cm in 
diameter, g iv ing a l i g h t f l ux in the interferometer several orders of 
magnitude greater than that in a dispersive instrument. 
Fourier Transform Spectroscopy has the major disadvantage that 
a computer is necessary to produce the spectrum, and although high speed 
d i g i t a l computers make the computation of the spectrum s t ra igh t - fo rward , the 
lack of immediate i n t e l l i g i b i l i t y of the interferogram is s t i l l a drawback. 
When an on- l ine computer is not avai lable s i gn i f i can t delays can occur 
between running an interferogram and obtaining the spectrum. These disadvan-
tages are s l i g h t l y o f f se t by the fac t that the resu l t ing spectrum can be 
easi ly obtained in d i g i t a l form, which lends i t s e l f to fu r ther mathematical 
processing of the spectrum e .g . averaging of spectra, in tens i t y calculat ions 
and band-shape or re laxat ion rate studies. 
1.7 Fourier Transform Spectroscopy bibl iography 
The l i t e r a t u r e of Fourier Transform Spectroscopy is now extensive 
and books by Mttller and Rothschild (20) , Chantry (8) and Bel l (12) review 
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the subject completely. An extensive Fourier Transform Spectroscopy 
bibl iography is given by Bell ( re f . 12, pps. 321-364). 
CHAPTER 2 
DESCRIPTION OF INSTRUMENT AND PERIPHERALS 
IS 
2.1 The basic interferometer 
The interferometer used was of the Michel son type marketed 
by Beckman-RIIC L td . as the FS-720 Fourier Spectrometer. The instrument 
was of modular construct ion, and is shown schematically in f i g . 2 . 1 . 
The source module, A contains the mercury vapour lamp source 
with co l l imat ing op t i cs , a chopper fo r beam modulation and a magnetic 
reed switch to provide the reference signal f o r the demodulator c i r c u i t . 
The beam-spl i t ter module contained the beam-spl i t ter mounting optics and 
the f ixed mi r ro r , where alignment adjustments could be made. The moving 
mirror dr ive was contained in the module C and the condensing optics in 
module D. A sample chamber, E and detector module, F complete the i n t e r f e r 
ometer. The f ixed and moving mirrors together with the co l l imat ing and 
condensing mirrors were a l l f r on t surface aluminised to give maximum 
r e f l e c t i v i t y . 
The e lec t r i ca l supplies to the inter ferometer, and the output 
of the interferogram were made using beckman-RIIC FS-720 e lec t ron ics . The 
interferometer included a continuous dr iv ing motor fo r path-di f ference 
changes and a Moire grat ing system (act ivated by movement of the dr ive) to 
control the sampling of the interferogram. The drive system had a maximum 
travel of 5 cm from the Grand Maximum, giving a maximum path-di f ference 
10 cm, which corresponded to a maximum resolut ion of 0.1 cm \ (See 
chapter 3 ) . 
The mains supply to the electronics and source was made through 
two voltage s t a b i l i s e r s . The mains supply was f i r s t l y passed through an 
Ether t rans is to r a.c. voltage regulator model T1000-2S, and thenthrough 
a Beckman-RIIC power supply IR-720. These s tab i l i se rs helped to decrease 
the number of noise spikes (mostly caused by the switching on and o f f of 
apparatus on the same e l ec t r i ca l phase network) being picked up from the 
mains and being recorded on the interferogram. Very rapid spikes were not 
el iminated completely and caused many problems.. Long-term voltage d r i f t s 
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and i r r e g u l a r i t i e s were also p a r t i a l l y el iminated by the voltage 
s t a b i l i s e r s . 
2.2 Sources 
The source used was a 315 vol ts a.c. 90 watt s tab i l i sed mercury 
arc discharge lamp (Original Hanau ST75). The mercury lamp emits broad-
band submil l imetre rad iat ion by thermal emission from i t s quartz envelope 
down to approximately 100 cm" 1 . Below 100 cm"1 radiat ion is emitted from 
the hot plasma wi th in the envelope. Such emission occurs down to approx-
imately 2 c m - 1 . The mercury vapour lamp is thus a good source fo r f a r -
in f rared studies* since broad-band radiat ion is emitted between 2 and 1000 
c m - 1 . The source had a water-cooled jacket to maintain tha meta l l ic source 
mounting at 323 to 333K. This prevented damage to the electrodes. A flow of 
about 2 l i t r e s per minute from the water mains was found s u f f i c i e n t to 
maintain the source at the correct temperature. The source mounting was 
f i t t e d with a b imeta l l i c s t r i p to act as a c i r c u i t breaker in order to 
extViJliish the lamp, should i t s temperature increase due to mains f a i l u r e 
or decrease in pressure. 
Some of the ear ly work was conducted using Phi l ips 125 watt 
high-pressure mercury vapour lamps, which f i nd more common usage as s t reet 
lamps. These lamps were much less stable than the 90 watt lamps, both in 
terms of short-term noise and long-term d r i f t . The quartz envelope of these 
125 watt lamps was dimpled to prevent channel spectra e f f e c t s . The 90 watt 
lamps were not dimpled,but d id not produce any observable interference 
e f f ec t s . 
2.3 Golay detector 
The detector used for the major i ty of the work was a Unicam 
SP50 Golay in f rared rad ia t ion detector wi th a 3mm diamond window. The deta-
i l s of the Golay ce l l are described here fo r comparison wi th the low-
temperature Indium-Antimonide detector, which has been used to obtain some 
of the spectra below 50 cm" 1 . (See section 2.14) 
n 
The Golay pneumatic-cell detector (21,22) is a thermal detector 
in that the rad iat ion is detected by i t s heating e f f e c t . A chamber containing 
gas of low thermal conduct iv i ty is sealed at one end with a rad ia t ion 
window A (see f i g . 2.2) through which radiat ion reaches a th in absorbing 
f i l m B. The other end is sealed with a mirror membrane C. The gas is 
usually xeno^andj for the f a r - i n f ra red spectral region,diamond is used as 
the window mater ia l . The absorbing f i l m B has low thermal capacity and warms 
the gas wi th which i t is in contact. This r ise in temperature of the gas 
produces a corresponding r ise in pressure, which in turn causes the mirror 
membrane C to be d i s to r ted . The absorption f i l m B is a 0.01 ym th ick f i l m 
of co l lo idon , onto which a th in layer of aluminium has been deposited. The 
re f l ec t i on f i l m is s imi la r but has a th icker aluminium layer . Movements of 
the re f l ec t i on f i l m are sensed by an opt ica l re lay , where l i g h t from an 
exc i te r source E, which is a s tab i l i sed 4 v o l t , 3 watt lamp (which is 
underrun to ensure long l i f e ) is focused wi th two condenser lenses F through 
a l i ne gr id G onto the mirror membrane C with a meniscus lens H. From the 
mirror membrane the l i g h t is re f lec ted through the lower ha l f of the gr id 
and then onto the photocell K, by re f l ec t i on at the mirror L. In the nul l 
posi t ion of the f l e x i b l e mirror the l ines of the lower ha l f of the gr id are 
imaged between the l ines of the upper pa r t , and no l i g h t passes from bulb 
to phototube. When radiat ion f a l l s on the detector head the resu l t ing 
movement of the f l e x i b l e mirror causes a displacement of images of the lower 
part of the g r id on the upper pa r t , and l i g h t from the bulb then reaches 
the phototube, where the signal is recorded e l e c t r i c a l l y . The small amount 
of heat developed by the incoming radiat ion is soon d iss ipated, and the ce l l 
returns to i t s equi l ibr ium pos i t i on . The time constant f o r these changes is 
about 10 seconds. 
To prevent changes in room temperature from a f fec t ing the detector 
a f ine leak D connects the detector to a large ba l las t ing reservoir of gas, 
on the other side of the mirror membrane, which is insensi t ive to rapid 
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pressure va r ia t ions . In the absence of a changing radiat ion signal the 
pressures on both sides of the mirror membrane are equal. The detector is 
thus an a.c . device, and the incident radiat ion must, therefore, be 
modulated. The modulation frequency with the FS-720 was 12.5 Hz. This was 
provided by chopping the beam with a ro ta t ing sectored wheel in the source 
module. The Golay detector is a frequency-independent f a r - i n f ra red 
detector, with the frequency response being only dependent on the window 
mater ia l . By using a diamond window, radiat ion from the v i s i b l e through the 
submillimetre-wave region can be detected^since the diamond has no infyared 
act ive l a t t i c e modes. The output from the phototube is ampl i f ied by use of 
a simple thermionic valve ampl i f ie r M, and is then passed to the Golay 
ampl i f ie r in the FS-720 e lec t ron ics . 
2.4 Moire system 
A Moire grat ing system (attached to the moving mirror dr ive) 
provides the signal fo r the sampling of the interferogram. The Moire system 
consists of two para l le l g ra t ings, one of which is mounted on the moving 
mirror d r i ve , wh i l s t the other is mounted on the base of the dr ive u n i t . 
Light from a small lamp (posit ioned on the moving mirror dr ive to one side 
of the moving grat ing) was col l imated and shadows of the fr inges f e l l on 
the f ixed g ra t ing . Depending upon the re la t i ve pos i t ion of the two gra t ings, 
l i g h t f e l l on the photocell posit ioned at the fa r side of the second g ra t ing . 
The Moire gratings had a 4 ym ru l ing and hence the signal reaching the 
photocell passed from maximum to minimum a f te r 2 ym of mirror movement, and 
back again a f t e r 4 ym of mirror movement. Since the path-di f ference between 
the two beams is twice the mirror movement, then fo r an 8 ym sampling 
in terva l the analogue to d i g i t a l converter is t r iggered every time the 
Moire signal passes through a maximum. For a 4 Urn sampling in terva l the 
y 
analogue to d i g i t a l converter is t r iggered as the Moire signal passes 
through both maxima and minima. 
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2.5 Golay ampl i f ie r and demodulator 
The interferometer system gave a high s ignal- to-noise ra t i o 
by using tuned ampl i f ica t ion and phase-sensitive detection techniques. 
The output signal from the Golay detector is small and th is necessitates 
high amp l i f i ca t ion . The Golay ampl i f ie r used had a to ta l gain of up to 
90 dB. The signal from the Golay was capacitor-coupled to a p re-ampl i f ie r , 
which was a l o w - d r i f t d.c. ampl i f ie r c i r c u i t tuned to the chopper frequency 
(12.5 Hz) by use of a frequency select ive network in the feed-back loop. 
The pre-ampl i f ier had a continuous gain control from 0 to 10 dB. The main 
ampl i f ie r was also a h igh-gain, l o w - d r i f t d .c . ampl i f ie r wi th 0 to 80 dB 
gain in steps of 10 dB. 
A magnetic reed swi tch, mounted on the source chopper, and 
act ivated by the passing chopper blades, contro l led the demodulator c i r c u i t . 
The demodulator was necessary since the rad ia t ion was modulated so that i t 
could be detected by the Golay. The demodulator was synchronised in both 
frequency and phase with the ampl i f ied Golay s igna l . A f i l t e r with 0.5 to 
16 seconds time constant also acted as a chopper frequency re jec to r . A f i n a l 
d.c. ampl i f ie r compensated for the attenuation in the f i l t e r stage. This 
ampl i f ie r had two d.c. outputs. The ' low ' (0 - 10 mV) output was used to 
drive the pen recorder, and the ' h igh ' (0 - 10 V) output was used to drive 
the analogue to d i g i t a l converter. 
2.6 Analogue to d i g i t a l converter 
The analogue to d i g i t a l converter was a 12-bi t successive 
approximation type c i r c u i t . A t r i gger signal from the Moire ampl i f ie r 
act ivates a c i r c u i t where the analogue input is compared with the voltage 
of a ladder c i r c u i t by the comparator. I f the analogue input voltage is 
less than that on the ladder network, then the b is table remains at zero. 
I f the input voltage is greater than the ladder voltage then the b is table 
f l i p s over to reg is ter 1 . The voltage of the ladder network successively 
halves as the comparator compares the remaining analogue voltage to that on 
£2. 
the ladder network corresponding to each b is tab le . This comparison and 
halving process continues through the 12 bistables corresponding to the 
2 ^ to 2^ b i t s . On completion of the cycle the output from the ladder w i l l 
be wi th in one d i g i t of the anologue input , thus giv ing a d i g i t i s a t i o n 
accuracy of 1 in 4096. The state of the 12 bistables is stored in buf fer 
ampl i f iers and then passed to the paper tape punch to give a record of 
the sampled interferogram in pure binary nota t ion. 
2.7 Interferogram output 
The interferogram s igna l , from the low terminal of the Golay 
amp l i f i e r , was recorded on a Smiths Industr ies Desk Type Servoscribe 
Potentiometric Recorder, on the 0 - 10 mV scale. The chart interferogram 
was always recorded as th is visual observation of the interferogram helped 
in trouble-shooting (e .g . fo r interferogram mean level d r i f t due to ce l l 
leakage). The output from the analogue to d i g i t a l converter was recorded 
on 8-track paper tape using an Addo L td . Type 4 Tape Punch,which was capable 
of punching 18 characters per second. The tape code used was as shown in 
f i g . 2.3. Channels 1 and 2 were not used and channel 3 was used as a index 
and was always punched. Channel 4 was used as an ind icator fo r the f i r s t 
row of data. This was necessary since the 12 d i g i t s were recorded in 3 rows 
of 4 d ig i t s in data channels 5 to 8. The simple pure binary code assisted 
with manual reading of the tapes fo r checking purposes. 
2.8 Experimental beam-spl i t ter character is t ics 
The beam-split ters used were th in d i e l ec t r i c f i lms of polyethylene 
terephthalate ('melinex* - registered trade name I .C. I L t d . ; 'mylar ' -
registered trade name El du Pont de Nemours L td . ) as marketed by Beckman -
RIIC L td . As discussed in chapter 1 the beam-spl i t ter determines the useful 
frequency range of the interferometer and table 1.1 showed the theoret ica l 
frequencies at which maximum energy is transmitted fo r a givenbeam-spl i t ter 
thickness. The transmission is not res t r i c ted to the f i r s t interference 
loop and f i g . 2.4 shows the transmission of the f i r s t 4 loops of a 200 
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gauge (50 urn) beam-spl i t ter in the frequency range 0 - 250 cm" 1 . This non-
rat ioed spectrum was recorded using a white polythene f i e l d lens and no 
addi t ional f i l t e r i n g . 1024 data points were sampled. The gradual decrease 
in transmission of the hoops to higher frequency is due to the increased 
absorption of the polythene lens optics (see f i g . 2.10) and of the beam-
s p l i t t e r material i t s e l f . 
F ig . 2.5 shows the normalised transmittance spectrum of the 
interferometer using a 25 gauge beam-spl i t ter and a white polythene lens. 
1024 points were computed. Absorption bands at 190 and 290 cm 1 are from 
the 'mylar ' beam-spl i t ter and bands at 380 and 435 cm 1 are due to absorp-
t ions in the polythene. A s t rong, f a i r l y sharp absorption at 73 cm 1 can 
be seen when using a 50 gauge beam-spl i t ter (see f i g . 2 .10) . This band has 
been assigned to a polythene l a t t i c e mode (23) . These absorptions usually 
rat ioed out qui te cleanly in a computed spectrum, but sometimes the 73 cm 1 
band gave a small der ivat ive fea ture . The 73 cm 1 band gave par t i cu la r 
trouble because i t was the narrowest and most intense of the bands present. 
The band has been seen to be temperature dependent (16) , as would be 
expected fo r a l a t t i c e mode. The band moves to higher frequency as the 
temperature is decreased. The band occurs at 79 cm 1 at 90K. 
The transmittance of the interferometer fo r a given beam-spl i t ter 
is asymmetric about the frequency of maximum transmission fo r two reasons. 
F i r s t l y , as mentioned previously, the lens and beam-spl i t ter materials 
begin to absorb more strongly towards higher frequency. Secondly, the output 
from the source begins to increase rapid ly above 100 cm \ 
When running a spectrum i t was necessary to care fu l l y select the 
correct thickness of beam-spl i t ter to give a maximum of energy in the 
region of i n te res t . The energy in th is frequency region was then optimised 
by the use of f i l t e r s to remove the unwanted rad ia t ion . This is known as 
'dynamic range' opt imisat ion. 
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2.9 F i l t e r i n g 
To el iminate the high frequency rad ia t ion emitted by the source 
a black poythene f i l t e r is used. This f i l t e r was made by impregnating 
polythene with a small amount of carbon black. 50 ym th ick f i l t e r s were 
also cut from black polythene 'garden' bags and these were found to el iminate 
the major i ty of the rad iat ion above 600 cm 1 . This high-frequency f i l t e r i n g 
was important fo r computational purposes because of the phenomenon of 
a l ias ing as discussed in chapter 3. Addit ional pieces of black polythene 
were found to s h i f t the frequency of apparent maximum transmission to 
gradually lower frequencies. 
A Yoshinaga f i l t e r (supplied by Beckman-RIIC L td . ) was also used 
to el iminate high-frequency rad ia t i on . These f i l t e r s u t i l i s e the strong 
absorptions of the a l ka l i halides (due to l a t t i c e modes) and s imi la r 
compounds to remove unwanted rad ia t i on . Yamada (24) developed a technique 
fo r suspending small amounts of c r ys ta l l i ne powders in polythene to y i e l d 
a f i l t e r with the desired transmission charac te r i s t i cs . 
For low-frequency work c rys ta l l i ne quartz transmission f i l t e r s 
were used to el iminate unwanted rad ia t i on . This low-frequency pass f i l t e r 
has a sharp absorption band at 126 cm 1 . A 3 mm th ick c r ys ta l l i ne quartz 
f i l t e r has a sharp high-frequency cu t -o f f at 120 cm" 1 . A 1 mm th ick quartz 
f i l t e r has a cu t -o f f ah 200 to 220 cm" 1 , but shows the sharp band at 126 
cm 1 and th is sometimes causes ra t io ing problems. 
For work below 100 cm 1 grooved polypropylene transmission f i l t e r 
grat ings have also been used (25,26) . The spacing of the grooves in the 
grat ing determines the high-frequency cu t -o f f of the f i l t e r s . F ig . 2.6 shows 
the performance of 3 such f i l t e r s supplied by Beckman-RIIC L td . A l l 4 
instrument backgrounds were recorded using a 100 gauge beam-spl i t ter wi th a 
white polythene lens and black polythene f i l t e r . A summary of useful 
beam-spl i t ter and f i l t e r combinations is given in table 2.2. 
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2.10 Reproducibi l i ty of the non-ratioed spectra 
F ig . 2.7 exhib i ts the rep roduc ib i l i t y of non-ratioed spectra 
which were recorded at in terva ls over a period of less than one day. The 
3 instrument backgrounds shown were recorded wi th in a 2 hour period using 
a 50 gauge beam-spl i t ter wi th a white polythene lens and a black polythene 
f i l t e r . The f r inge e f fec t is due to interference in th is black polythene 
f i l t e r . The precision is seen to be high as the maximum transmission 
di f ference was only approximately 3%, and a l l 3 curves can be seen to usually 
l i e w i th in \% transmission. The dif ferences between the backgrounds are 
exaggerated by the normalisation to peak noise rather than mean noise at 
maximum transmission. This is discussed in chapter 3. The normalisation 
constants employed to produce these transmission spectra show the high 
precision of the spectra. For the 3 backgrounds shown the normalisation 
constants were 0.332, 0.341 and 0.343. This gavea maximum di f ference of 
0 .01 , which corresponds to a precision of 1%. 
F ig . 2.8 shows the rep roduc ib i l i t y of the single beam spectra 
over a much longer per iod. These 4 spectra were recorded at in terva ls over 
a period of 2 years. A 50 gauge beam-spl i t ter and a black polythene f i l t e r 
were used. The maximum transmittance discrepance fo r these backgrounds was 
approximately 8%, and the backgrounds were seen to be usually w i th in 2% 
transmission. The normalisation constants were 0.176, 0.183, 0.176 and 0.181 
and showed the precision of the backgrounds to be about 1% transmission. 
The rep roduc ib i l i t y of non-ra^tioed instrument backgrounds was thus seen 
to be very h igh, even over a considerable time per iod. 
2.11 Vacuum system 
Because the f a r - i n f r a red absorption of atmospheric water vapour 
is very st rong, the opt ica l path of the radiat ion w i th in the interferometer 
must be free from water vapour. Attempts to ra t i o out the water vapour 
absorptions were doomed to f a i l u r e because of the sharpness of the vapour 
bands. The in ternal volume of the interferometer was found to be too large 
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to allow successful purging of the whole instrument. I t was thus evacuated 
to a pressure of between 0.02 and 0.05 t o r r , at which pressure no water 
vapour absorption was detectable at a resolut ion of 1 cm" 1 . A Genevac Type 
GRD2 Double Stage Rotary Piston Pump with a displacement of 56 l i t r e s per 
minute was used to provide the vacuum. Typical ly a pumping time of 20 
minutes was necessary to bring the interferometer down to 0.05 t o r r from 
atmospheric pressure. 
2.12 Liquid ce l ls 
For standard transmission measurements, with the interferometer 
in the symmetric mode, the sample was placed before the detector in the 
recombined beam. Liquid samples were contained in semi-permanent c e l l s , 
which were mounted in a sui table ce l l holder placed at the point where the 
converging recombined beam came to a focus. With these demountable ce l ls 
the sample pathlength was created by sandwiching a spacer G, with a c i r cu la r 
aperture, between two in f rared t ransmit t ing windows E and F (see f i g . 2 .9 ) . 
This assembly was then clamped between two stainless steel plates A and B. 
Two f i l l i n g ports were mounted on the f ron t plate A. These f i l l i n g ports 
were sealed with polytetraf1uoroethylene ( te f lon ) washers and short steel 
screws. The screws used had conventional heads so that they could be 
tightened to give a very good vacuum sea l . A te f lon gasket D was placed 
between the f ron t plate and the top window E to assis t with the sealing 
around the entry por ts . The upper window had two small holes d r i l l e d through 
i t to enable f i l l i n g of the sample area in the spacer. The f i l l i n g ports C 
could be f i t t e d with female Luer tapers. This enabled standard Luer syringes 
to be used fo r f i l l i n g the c e l l . The two ports enabled easy cleaning of 
the assembled ce l l by f lushing with solvent. 
Both te f lon and lead spacers were used in the demountable c e l l s . 
The lead spacers gave a more e f fec t i ve seal at short pathlengths (below 
0.01 cm), but were much less chemically i ne r t than the te f lon spacers. 3 mm 
polythene ce l l windows were used in a l l studies except where otherwise stated. 
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Thinner polythene windows were found to d i s t o r t as a resu l t of the high 
vacuum surrounding the ce l l in the instrument. Polythene windows were 
used in the frequency range 10 to 625 c n f \ but were found to have several 
l a t t i c e absorptions in th is region. The sharp band at 73 cnf^ (see f i g . 2.10) 
was especial ly prominent. Polythene is inexpensive and, unl ike most in f rared 
t ransmit t ing mater ia ls , i t i s not b r i t t l e . Hence i t could be clamped t i g h t l y 
to provide the necessary vacuum-tight sea l . 
Certain types of polythene were found to become contaminated by 
some of the organic solvents used. Benzene caused the surface of the poly-
thene to swell and become spongy (presumably due to some form of occlusion 
of the solvent in the polythene l a t t i c e ) . High density polythene (HDPE) 
plates were more res is tant to swel l ing and only became contaminated by the 
solvent a f te r contact fo r a considerable time (contamination occurred i f the 
plates were accidental ly l e f t in contact wi th the benzene overn ight ) . The 
swel l ing was completely prevented by washing the ce l l s with acetone a f t e r 
use each day. Polythene melts at about 383K and thus could not be used fo r 
high temperature studies. 
Poly-4-methylpentene-l (TPX) is s imi la r to polythene in that i t 
is a compressible p l as t i c . I t has the advantage that i t i s transparent in 
the v i s i b l e region and th is enabled observation as to whether or not a ce l l 
was completely f u l l . The spectrum of TPX between 20 and 250 cm~^ is shown 
in f i g . 2.11 and i t can be seen that the material has a very low overal l 
absorpt ion, with no major bands occurring in th is region. In respect of 
transmission propert ies TPX appeared to be superior to HDPE, but had the 
serious disadvantage that occlusion of organic solvents occurred much more 
rapid ly than fo r HDPE. When using benzene as solvent the plates of TPX were 
found to become spongy a f te r 1 hours contact. Hence these plates were of 
l i t t l e use fo r such solvents. Af ter contact with benzene the TPX plates 
took on the appearance of sp l in tered glass, and never returned to t he i r 
o r ig ina l transparency, the surface remaining opaque. 
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For very short pathlengths 0.0012 cm) a pair of Beckman-
RIIC wedged s i l i c o n metal windows were used. This was found to be necessary 
since the plates were not f l a t enough to give a good seal wi th such th in 
spacers. The s i l i c o n windows were very hard and i n e r t , and were found to 
have no major absorptions between 40 and 250 cm ^ (see f i g . 2.12). The 
transmission of these plates over th is region was seen to be low (presumably 
mainly due to re f l ec t i on losses) and spectra recorded using these plates had 
very high noise levels due to the high gains necessary. The s i l i c o n plates 
were wedged to minimise interference e f f ec t s . 
Such demountable ce l ls using 12 ym spacers and s i l i con windows 
were not sealable at pressures below atmospheric. This being due to lack 
of the necessary ce l l compression due to fear of breaking the p la tes. This 
necessitated the use of an i so la t i ng window between the sample compartment 
and the col l imat ing module. This window enabled the sample compartment and 
Golay chamber to be flushed with dry n i t rogen, wh i l s t the remainder of the 
instrument was evacuated. The most successful method of f lushing was found 
to be using dry nitrogen gas from the l ine supply. The gas was passed 
through two traps surrounded by l i q u i d nitrogen and then in to the sample 
compartment through the pumping port in the side of the sample chamber. 
Inside the pumping port a 'T ' piece was f i t t e d . This had one large diameter 
tube which lead to a posi t ion above the sample holder, and a second small 
diameter tube which lead to a syringe needle inserted through the f i e l d 
lens. This flushed the l i g h t pipe between the Golay window and the f i e l d 
lens. The end of the syringe needle was bent through 90°, so that the force 
of the nitrogen flow did not f a l l on the Golay window, but was rather 
directed against the walls of the l i g h t pipe. I f the nitrogen flow was 
directed at the window then th is caused the Golay window to v ibrate and a 
noisy spectrum resu l ted . Typical f lushing times fo r the isolated sample 
compartment were 50 minutes to 1 hour. Flushing was always continued 
u n t i l none of the typ ica l water vapour modulation was noticeable on the 
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interferogram. 
2.13 Variable temperature control 
u 
Spectra of l i q u i d samples at varios temperatures were obtained 
A 
by using the Beckman-fUIC variable temperature un i t VLT-2, which incor-
porates a Eurotherm TEM-1C Automatic Temperature Control ler with a range 
from 83 to 523K. The temperature was contro l led by simply set t ing the 
required temperature on the d i a l . A coolant was used which boi led at a 
s l i g h t l y lower temperature than that required. The ce l l was mounted in a 
ce l l holder block (see f i g . 2 .13) , which was topped with a re f r ige ran t 
reservo i r . Heating to maintain the required temperature was provided by 
two e lec t r i ca l co i l s mounted on the sides of the ce l l b lock. A copper / 
constantan thermocouple was mounted in a hole in the ce l l block and th is 
was connected to the temperature control u n i t . This thermocouple determined 
the amount of e lec t r i ca l heating necessary. A second thermocouple was mounted 
in a hole in the l i qu i d ce l l top plate and was used to monitor the actual 
temperature of the ce l l i t s e l f . A f ter placing the ce l l mounting block in 
the interferometer the instrument was always evacuated before any re f r igeran t 
was poured in to the reservo i r . I f th is was not done then condensation of 
water vapour occurred on the walls of the reservoir and also on the t rans-
mission windows of the ce l l i t s e l f . 
For temperatures above ambient no re f r igerant was necessary, and 
the temperature was maintained by the e l ec t r i ca l heaters, which compensated 
for the normal heat losses from the ce l l to the atmosphere. When a 
temperature below ambient was required then a re f r igeran t was poured in to 
the reservo i r , and incremental heating from the heaters maintained the steady 
temperature as the re f r igeran t was boi led away. When a temperature was req-
uired which was not close to the bo i l i ng point of a sui table coolant, then 
some method of decreasing the thermal contact between the re f r igeran t and 
the ce l l holder became necessary. This prevented coolant from being boi led 
away at a very high ra te , by al lowing the ce l l holder to reach thermal 
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equi l ibr ium at a temperature considerably higher than that of the bo i l i ng 
point of the re f r i ge ran t . This pa r t i a l thermal bar r ie r was supplied by a 
th in layer of polyurethane foam supported on the end of a ' p i s t o n - l i k e 1 
device known as a mushroom (see f i g . 2 .13) . The thickness of the polyureth-
ane foam contro l led the amount of thermal i nsu la t i on . I f too th ick a layer 
of polyurethane was used there was no thermal contact between the ce l l 
block and the re f r i ge ran t , and thus thermal equi l ibr ium was never reached 
at the temperatures below ambient. 
Good thermal contact was necessary between the ce l l holder block 
and the ce l l i t s e l f . This was maintained by a th in layer of s i l i c o n grease 
smeared around the edges of the c e l l . The temperature of the ce l l i t s e l f was 
monitored by use of a thermocouple and recorder, and was of ten found to be 
d i f f e ren t from that set on the d ia l by as much as 2K. Most of the temper-
ature studies were conducted above ambient temperature^and hence no r e f r i g -
erant was necessary. For temperatures between 233 and 303K so l id carbon 
dioxide in acetone was found to be a very e f f i c i e n t coolant. For lower 
temperatures the fo l lowing re f r igerants were useful : l i q u i d a i r bo i l i ng 
at 126K, l i q u i d oxygen bo i l i ng at 90K and l i qu i d nitrogen bo i l i ng at 77K. 
The re f r igeran t reservoir was kept well topped-up fo r the whole 
time that the spectrum was being recorded. When using so l id carbon dioxide 
in acetone i t was important to ensure that there was always so l id carbon 
dioxide present in the reservo i r . The best resul ts with th is coolant mixture 
were achieved by f i l l i n g the reservoir approximately o n e - f i f t h f u l l with 
acetone, to obtain a good thermal contact, and by f i l l i n g the rest of the 
0 
reservoir wi th so l i d carbon dioxide broken in to small pieces of 0.5 to 1 cm 
diameter. By ensuring that so l id carbon dioxide was always present in the 
reservoir then the reservoir could be topped-up with more so l id carbon 
dioxide during the running of an interferogram, without a f fec t ing the 
temperature of the c e l l . Using th is technique i t was found that the temp-
erature of the ce l l could be maintained to wi th in ±0.5K fo r over 2 hours 
in the temperature range 243 to 313K. 
2.14 Cooled Germanium bolometer 
2.14.1 Apparatus descr ipt ion 
In an attempt to obtain useful spectra below 50 cm ^ a Germanium 
bolometer with preampl i f ie r , as supplied by Queen Mary College Indust r ia l 
Research L t d „ , has been used. The bolometer was designed to work at l i qu i d 
Helium temperatures (4.2K at atmospheric pressure). The cryos ta t t used fo r 
maintaining the low temperature was the Oxford Instruments Co. L td . MD 800 
detector c ryosta t t CA 5176, which was a compact custom b u i l t l i q u i d Helium 
cryosta t t designed p r inc ipa l l y fo r cooling in f rared detectors. I t was 
pa r t i cu l a r l y useful fo r in ter ferometr ic spectroscopy because of i t s long 
hold times (of the order of 24 hours with one l i q u i d Helium f i l l i n g ) . The 
bolometer is shown in f i g . 2.14 and consisted of an inner Helium can A, to 
which the Germanium crystal B was attached. The Helium can was surrounded 
by a rad ia t ion shie ld maintained at 77.3K by a can of l i q u i d nitrogen C 
which forms the upper part of the rad iat ion sh ie ld . The two cans were 
surrounded by a vacuum case which supported the necks of the helium and 
nitrogen cans. The space between the cans was maintained at a high vacuum 
to ensure that there was no thermal contact between the helium can and the 
nitrogen can or the surroundings. 
The cryostat t had opt ica l access through 20 and 25 mm aperture 
windows of TPX in the rad ia t ion shield and vacuum case respect ive ly . 
E lec t r i ca l access from the germanium crysta l to the ampl i f ie r box, which 
was mounted on the side of the vacuum case, was made through a BNC socket 
and a 4-pin plug. The preampl i f ier used was o r i g i n a l l y designed fo r use in 
conjunction with a search co i l in a spacebourne magnetometer, and was a 
wide-band (1 Hz to 100 kHz) low noise f i e l d e f f ec t t rans is to r input ampl i f i 
(30a). The output from th is ampl i f ie r replaced the Golay signal in the 
instrumental set-up as described in section 2.5. The detector signal was 
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modulated at 12.5 Hz, as fo r the Golay detector, by use of the chopper in 
the source beam. 
I t was necessary to f i l t e r out much of the high frequency rad ia t ion 
to prevent 'swamping* of the bolometer by the high energy rad ia t ion . A sapphire 
quartz f i l t e r was used to f i l t e r out much of th is rad ia t i on , since i t had 
a cu t -o f f at 250 cm \ The quartz cuts-on again at about 1000 cm \ and so 
an addit ional f i l t e r of black photographic paper was necessary. The f i l t e r s 
were maintained at l i qu i d helium temperature to prevent room temperature 
signals reaching the detector from these f i l t e r s . 
Many special precautions proved necessary when using the l i q u i d 
helium. The extreme cold caused by the l i q u i d could cause extensive t issue 
damage to any exposed sk in , s imi la r to that due to a severe burn 4 A l l 
contact with the l i q u i d thus had to be avoided. The extreme cold could also 
cause condensation of atmosperic a i r onto exposed l i q u i d helium, or gas 
cooled surfaces. The nitrogen present in th is l i q u i d a i r would then evaporate 
leaving behind an oxygen enriched l i q u i d , which would be po ten t ia l l y 
explosive. To prevent i g n i t i o n of grease, o i l or other combustible materials 
in contact wi th air-condensing surfaces, then a l l exposed surfaces were 
kept absolutely clean at a l l t imes. As l i q u i d helium has a very low heat 
-1 -1 
of vapourisation of 20.9 J.g (compare l i q u i d nitrogen 198 J.g ) i t was 
kept in vacuum insulated containers to minimise evaporation. The storage 
vessels contained a rad iat ion shield to in tercept heat input due to thermal 
radiat ion from ambient temperature. This rad ia t ion shie ld was a concentric 
l i qu i d nitrogen vessel . The storage vessels were not sealed, but were 
covered to prevent moisture condensing out of the a i r . The l a t t e r could cause 
the formation of a blockage known as an ' i ce -b r i dge ' in the neck of the 
vessel. Such a blockage would cause a serious pressure bui ld-up since the 
gas to l i q u i d volume ra t io f o r helium is 700 to 1 . 
A simple bunsen valve was used to prevent entry of water vapour 
into the l i q u i d helium. The bunsen valve acted as a simple one way valve, 
and maintained a small pressure of helium vapour above the l i qu i d and thus 
minimised evaporation. Bunsen valves (see f i g . 2.15) were made from 4" 
lengths of 0.875" in ternal diameter th ick-wal led black neoprene tubing. A 
diagonal cut approximately 1" deep was made in the tubing w a l l , so that 
the wall was j us t cut through. This cut acted as the pressure release, 
because i f the pressure inside the vessel increased, then the wall of the 
valve was pressed outwards, thus opening the cut and releasing the pressure. 
The top of thevalve was sealed with a c l o s e - f i t t i n g rubber bung. The valve 
f i t t e d closely over the neck of the storage vessel . 
The l i q u i d helium was transferred from the storage vessel to the 
cryosta t t by means of a vacuum insulated t ransfer tube. This consisted of 
two concentric stain less steel tubes bent in the form of an inverted ' U 1 . 
The annular space between the tubes was evacuated on a d i f f us ion pump to 
-3 -6 10" t o r r . This vacuum would cryopump to about 10 t o r r as the l i q u i d 
helium began to flow along the central tube, and thus provided adequate 
thermal i nsu la t i on . 
The l i q u i d helium was driven over in to the cryosta t t by use of 
the pressure of gaseous helium in the storage vessel. A t ransfer 'T-p iece' 
was machined as shown in f i g . 2 . 1 6 . A foo tba l l bladder was attached to 
posi t ion A on the 'T-piece* and the t ransfer tube B was clamped in posi t ion 
in the l i q u i d helium storage dewar by the screw cap C. To achieve a l i q u i d 
helium t ransfer the tap on the recovery branch was closed, and the pressure 
inside the dewar was b u i l t up by a few squeezes of the bladder. The helium 
gas forced in to the dewar from the bladder was r e l a t i v e l y warm compared to 
the l i q u i d helium, and thus caused vapourisation of fu r ther helium, thus 
bui ld ing up the pressure. This pressure gradually began to force l i q u i d 
helium up the inner passage of the t ransfer tube. The f i r s t l i q u i d helium 
was vapourised because the tube was re l a t i ve l y warm, but gradually the flow 
of cold gas cooled down the t ransfer tube, and eventual ly l i q u i d helium 
began to pass along the tube. Ablue 'plume' (presumably caused by l i q u i d 
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oxygen being frozen out of the a i r ) was observed when l i qu i d helium began 
to f low. The rate of f low of l i q u i d helium was contro l led by use of the 
tap in the recovery branch, which when opened decreased the pressure in 
the storage vessel and thus decreased the f low. 
2.14.2 Operating procedure 
The vacuum space of the c ryos ta t t was f i r s t l y pumped down to 
below 10 ^ t o r r using a two-stage rotary vacuum pump (but see end of th is 
sec t ion ) . The cryosta t t was then cooled down to l i q u i d helium temperature. 
To minimise the amount of l i q u i d helium used during the coo l ing, the 
c ryos ta t t was f i r s t l y pre-cooled wi th l i qu i d n i t rogen. The procedure employed 
was to f i l l the central helium can with n i t rogen, by use of a 5 mm diameter 
stainless steel tube and funnel . This was placed down the l i q u i d helium 
t ransfer tube entry po r t . The upper nitrogen can was then f i l l e d wi th l i q u i d 
n i t rogen. The l i q u i d nitrogen was l e f t in the helium can fo r two hours 
wh i l s t the cryosta t t pre-cooled. The long pre-cooling time was due to the 
very high thermal capacity of the c ryos ta t t , which was necessary to produce 
the long hold times required fo r in ter ferometry. The l i q u i d nitrogen was 
then removed from the helium can by a pressure of nitrogen gas from the l i ne 
supply. To achieve th is the sta in less steel tube was sealed in the neck of 
the helium can by use of p l as t i c i ne . The nitrogen gas was then blown in 
through the pumping side-arm on the neck of the helium can. The gas flow 
forced out the l i qu i d n i t rogen, which was col lected by use of a length of 
neoprene tubing. For the longest hold times i t was necessary to ensure that 
thenitrogen was completely removed from the helium can. Any nitrogen present 
when the l i q u i d helium entered would be s o l i d i f i e d , and would then cause 
the helium to boi l away. The sta in less steel tube was therefore care fu l l y 
placed so as to j us t touch the bottom of the can. For minimum l i q u i d helium 
loss the l i q u i d nitrogen would be forced out by helium gas, but th is was 
never attempted. 
As soon as the l i q u i d nitrogen had been removed the helium 
t r a n s f e r was begun, (see s e c t i o n 2 .14 .1 ) When the hel ium can was near l y 
f u l l w i t h l i q u i d he l i um, then the f l ow of escaping gaseous hel ium from the 
pumping s ide-arm and around the t r a n s f e r tube was seen to o s c i l l a t e . This 
was subsequently taken as an i n d i c a t i o n t h a t the hel ium can was near l y f u l l . 
The blue 'p lume' from the s ide-arm i n d i c a t e d t h a t the hel ium can was f u l l , 
and the hel ium t r a n s f e r was then immediately d i s c o n t i n u e d . 
At t h i s t ime the s igna l l eve l f rom the de tec to r was moni tored 
as a check t h a t the c r y o s t a t t had taken the l i q u i d he l i um. The noise l eve l 
was recorded f o r a pe r i od o f about 1 m inu te , w i t h the bolometer c r y s t a l a t 
4 .2K. To gain the maximum s e n s i t i v i t y from the bolometer the temperature 
was then decreased f u r t h e r by pumping on the l i q u i d he l i um. Between i t s 
b o i l i n g p o i n t (4.2K) and what i s known as the lambda p o i n t ( 2 .17K) , l i q u i d 
hel ium e x h i b i t s the c h a r a c t e r i s t i c s o f normal l i q u i d s and i s known as 
H e l i u m - I . Below the lambda p o i n t l i q u i d hel ium e x h i b i t s the phenomenon o f 
s u p e r f l u i d i t y or zero v i s c o s i t y , and has an anomalously h igh thermal 
c o n d u c t i v i t y f o r an i n e r t gas . Below the lambda p o i n t i t i s known as Hel ium-
I I . When the ou tpu t f rom the bolometer c r y s t a l was moni tored w h i l s t the 
pumping ope ra t i on was i n p rog ress , then i t was no t i ced t h a t the s igna l 
became very noisy when the pressure was j u s t above t h a t requ i red (35 t o r r ) 
t o produce the temperature o f 2.17K. At the lambda p o i n t the bolometer 
s igna l suddenly d isappeared, and t h i s was assumed to be caused by the 
p r e a m p l i f i e r being swi tched o f f , because o f the very no isy nature o f the 
s i g n a l . A f t e r about a minute the p r e a m p l i f i e r swi tched on again and the 
s igna l was seen to be f r e e f rom a l l observable n o i s e . 
A schematic r e p r e s e n t a t i o n o f the pumping system employed i n 
con junc t i on w i t h the c r y o s t a t t i s shown i n f i g . 2 .17 . A very l a rge capac i t y 
vacuum pump was necessary to ob ta in the low temperatures between 1.4 and 
1.5K, where the bolometer was reaching i t s maximum e f f i c i e n c y . An Edwards 
High Vacuum Sing le Stage Rotary Pump ES330 w i t h a capac i t y o f 330 l i t r e s 
per minute was used. 1 " i n t e r n a l diameter neoprene t ub ing was used th rough-
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out the main pumping l i n e to ensure maximum poss ib le pumping speed. The 
hel ium gas was recovered by passing the vacuum pump exhaust through an 
3 
o i l m is t f i l t e r and then through | d iameter copper tub ing to a 25 m 
neoprene bag. 
The pressure above the l i q u i d hel ium was f i r s t l y decreased on ly 
very s low ly by having the main pumping va lve on ly p a r t i a l l y open. The 
pumping ope ra t i on from 760 t o r r down to 40 t o r r took about 1 hour t y p i c a l l y . 
The pumping speed was then g radua l l y i nc reased , by s low ly opening the main 
pumping v a l v e , as the lambda p o i n t was reached. A f t e r the lambda p o i n t had 
been passed then the main pumping va lve was then f u l l y opened. The t y p i c a l 
base pressure was 2 to 3 t o r r , which corresponded t o a temperature o f 1.4 to 
1.5K. 
A f t e r the bolometer had been used f o r a few weeks then cons iderab le 
d i f f i c u l t y was exper ienced i n f i l l i n g the hel ium can w i t h l i q u i d he l i um. I t 
was concluded t h a t t h i s was due to thermal con tac t between the hel ium can 
and e i t h e r the n i t r o g e n can or the ou te r cas i ng . This could have been due 
to too high a pressure i n the vacuum space. I t was concluded t h a t i t would 
be necessary to use a d i f f u s i o n pump backed by a r o t a r y pump to o b t a i n a 
_3 
vacuum below 10 t o r r i n the vacuum space. 
2.14.3 Typ ica l r e s u l t s 
I t very soon became apparent t h a t the cooled bolometer was 
producing v a s t l y improved spect ra i n the 10 to 100 cm ^ r e g i o n , r e l a t i v e 
to those ob ta ined when using the Golay d e t e c t o r . F i g . 2.18 shows the 
ins t rument background obta ined when using the pumped bolometer a t 1.5K 
w i t h a 100 gauge beamsp l i t t e r and no a d d i t i o n a l f i l t e r i n g . This spectrum 
was compared w i t h f i g . 2.6 (spectrum A ) , which was the ins t rument background 
obta ined under i d e n t i c a l cond i t i ons except t h a t a Golay de tec to r was used. 
The spectrum obta ined when using the bolometer showed a very low noise 
l e v e l , which was n e g l i g i b l e when compared w i t h t h a t observed i n the Golay 
background. The spectrum obta ined using the bolometer was f u r t h e r supe r i o r 
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i n t h a t i t showed no polythene band. The bolometer u t i l i s e s a l i g h t - p i p e , 
r a t h e r than a l e n s , to focus the r a d i a t i o n on the de tec to r window. Hence 
there i s no polythene i n the beam f o r an ins t rument background when the 
bolometer i s used. 
F i g . 2.19 shows the ins t rument background obta ined using the 
pumped bolometer a t 1.5K and a 200 gauge b e a m - s p l i t t e r and a 3 mm black 
polythene f i l t e r . This spectrum had a high f requency c u t - o f f a t about 55 cm" 
which was due to the s t rong polythene absorp t ion cent red a t 72 cm \ F i g . 
2.20 shows the f i r s t two hoops o f the ins t rument background obta ined using 
a 400 gauge b e a m - s p l i t t e r and the 3 mm black polythene f i l t e r , w i t h the 
pumped bolometer a t about 1.4K. This spectrum showed t h a t good r a t i o e d 
spect ra should be ob ta inab le down to 7 to 8 cm 1 and poss ib l y even lower . 
F i g . 2.21 shows the spectrum f o r a 0.021 cm pa th leng th o f 0.54 
mo l . dm tet ra-n-buty lammonium c h l o r i d e i n benzene r a t i o e d aga ins t the same 
path length o f pure benzene using the pumped bolometer a t 1.5K. The spectrum 
was recorded using a polythene windowed demountable c e l l as descr ibed i n 
sec t i on 2 .12 . The r a t i o i n g method used was as d e t a i l e d i n chapter 3. No 
a d d i t i o n a l f i l t e r i n g was used to ob ta i n these spect ra and the usefu l 
f requency range was seen to extend from 15 to 100 cm \ The small b l i p a t 
72 cm" 1 was due to imper fec t r a t i o i n g o f the two s i n g l e beam s p e c t r a , 
causing the poly thene band from the polythene windows o f the c e l l to be 
observed as a d e r i v a t i v e f e a t u r e . 
F i g . 2.22 shows the spectrum obta ined using a 0.01 cm c r y s t a l l i n e 
quar tz f i l t e r and the Golay d e t e c t o r . The c r y s t a l l i n e quar tz was used to 
l i m i t energy to the 10 to 100 cm 1 r e g i o n , so as t o , . h o p e f u l l y , improve 
the spectrum i n t h i s r e g i o n . The i n t e r f e r o m e t e r was run w i t h a d r i v e speed 
o f 10 ym per second p a t h - d i f f e r e n c e and t ime constant o f 0.5 seconds. The 
spectrum should be compared w i t h t h a t o f f i g . 2 . 2 1 . The q u a l i t y o f t h i s 
r a t i o e d spectrum using the Golay was very low. This was due to the very 
small energy i n abso lu te terms i n the 10 to 100 cm" 1 r e g i o n . The 72 cm 1 
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band o f the polythene window and lens causes the t ransmiss ion to f a l l t o 
z e r o . At h igh frequency the absorbance values show the d e r i v a t i v e type 
spectrum c h a r a c t e r i s t i c o f lack o f energy i n the wings of the band. F i g . 2 .23 
shows the r a t i o e d spectrum obta ined using a t ime constant o f 8 seconds f o r 
the Golay a m p l i f i e r and a d r i v e speed o f 1 ym per second. This spectrum 
showed no improvement on the f a s t e r recorded spectrum. This was poss ib l y 
due to d r i f t i n g o f the source over the f o u r hours necessary to record a 
s i n g l e background o r sample spectrum. These spect ra serve to emphasize the 
s i g n i f i c a n t improvement i n the performance o f the i n t e r f e r o m e t e r i n the 
10 to 100 cm ^ r e g i o n , when the Golay d e t e c t o r was replaced by the cooled 
bo lometer . 
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Table 2.1 Frequencies o f 10% t ransmiss ion f o r var ious ru led 
polypropylene f i l t e r s 
groove spacing 
l i n e s / inch 
frequency a t 10% t ransmiss ion 
/ c m " 1 
100 110 
60 60 
40 40 
30 30 
20 20 
Table 2.2 Summary o f usefu l b e a m - s p l i t t e r and f i l t e r combinat ions 
b e a m - s p l i t t e r f i l t e r s 3 low l i m i t max. t r a n s . h igh l i m i t 
gauge (10% t r a n s . ) (10% t r a n s . ) 
/ c m " 1 /cm 1 / c m " 1 
25 WL 140 320 460 
25 WL + BF 120 330 430 
50 WL + BF 40 150 240 
50 BL 30 90 220 
50 WL + QF 30 90 125 
50 WL+QF+BF 30 80 125 
50 WL+YOSH 35 130 250 
100 WL + BF 20 60 110 
100 WL+BF+100PF 20 50 70 
100 WL+BF+60PF 17 35 63 
100 WL+BF+40PF 13 25 44 
200 WL + BF 16 36 55 
200 WL+BF+QF 15 38 55 
400 WL + BF 14 20 24 
400 WL+QF+BF 12 20 26 
a WL = Beckman-RIIC L t d . wh i te polythene f i e l d lens 
BL = Beckman-RIIC L t d . b lack polythene f i e l d lens 
BF = 50 ]im b lack poly thene f i l t e r 
QF = 1 mm c r y s t a l l i n e quar tz f i l t e r 
YOSH = Beckman-RIIC L t d . Yoshinaga f i l t e r 
100PF = 100 l i n e s / i n c h r u l e d po lypropy lene f i l t e r 
60PF = 60 l i n e s / i n c h r u l e d po lypropy lene f i l t e r 
40PF = 40 l i n e s / i n c h r u l e d polypropylene f i l t e r 
CHAPTER 3 
COMPUTATION OF THE SPECTRUM 
AND DATA HANDLING 
1 3 
3.1 Computation o f the spectrum from the i n t e r f e rog ram 
In t h i s sec t i on an at tempt w i l l be made to develop the theory 
o f computat ion o f the spectrum w i t h p a r t i c u l a r re ference to the programme 
used i n Durham. A l l computer computations were c a r r i e d out on the Northum-
b r i an U n i v e r s i t i e s M u l t i p l e Access Computer (NUMAC), which a t the t ime o f 
t h i s work was an IBM 360/67 computer. Spectra were obta ined from the 
in te r fe rograms by use o f the Four ie r t rans fo rm programme FTRAN4 (Fou r i e r 
TRANsform), which was w r i t t e n i n Fo r t ran IV language. This programme was 
a mod i f ied ve rs ion o f the programme DCH05277 as p rev ious l y used i n t h i s 
l a b o r a t o r y ( 2 7 , 2 8 ) . The mod i f ied programme invo lves a complete a u t o c o r r e l a t i o n 
phase-co r rec t ion w i t h a Cooley-Tukey Fou r ie r Transform r o u t i n e ( 2 9 ) . 
The con t ro l parameters i n i t i a l l y read i n determine the type 
of computat ion employed, and the way i n which the spec t ra l ou tpu t data i s 
to be represen ted . A sho r t d e s c r i p t i o n o f the i n p u t parameters f o l l o w s , but 
a more d e t a i l e d e x p l a n a t i o n , i n c l u d i n g the necessary f o r m a t s , i s conta ined 
i n the programme l i s t i n g s and programme i n p u t data l i s t i n g s i n Appendix 
A l . The constants N and FSINT con t ro l the leng th o f the i n t e r f e r o g r a m to be 
t rans fo rmed , and hence the r e s o l u t i o n i n the spectrum. N i s the number o f 
i n t e r f e rog ram po in ts and FSINT i s the sampling i n t e r v a l i n urn o f t o t a l 
p a t h - d i f f e r e n c e between the two beams ( i . e . tw ice the ac tua l m i r r o r move-
ment ) . I f the i n t e r f e rog ram i s recorded from L cm o f m i r r o r d isplacement 
before the Grand Maximum to L cm beyond, the r e s o l u t i o n R, ob ta ined i s 
g iven by ( r e f . 8 , chap. 3 ) : 
R = 1 c m - 1 3.1 
2T 
Thus the r e s o l u t i o n ob ta inab le from a Miehelson i n t e r f e r o m e t e r i s the 
r e c i p r o c a l o f tw ice the maximum m i r r o r displacement from the z e r o - p a t h - d i f f -
erence p o s i t i o n . The maximum number o f po in ts t h a t can be t ransformed 
using programme FTRAN4 i s 2048 (1024 e i t h e r s ide o f z e r o - p a t h - d i f f e r e n c e ) , 
wh ich , w i t h a sampling i n t e r v a l o f 8 ym gives a maximum m i r r o r d i s p l a c e -
ment o f 0.8192 cm and a corresponding r e s o l u t i o n o f 0.61 c m - 1 i n the 
computed spectrum. 
The d i g i t i s e d in te r fe rograms f o r both sample and background are 
read i n t o the computer s t o r e , w i t h the background f i r s t , by use o f a tape 
read programme DCL99SPY, which employs the PL1 language l i b r a r y subrou t ine 
*PL1LIB. The d i g i t i s e d in te r fe rograms were s to red as card images, u s u a l l y 
i n temporary f i l e s . A t y p i c a l i n t e r f e rog ram recorded from -0 .1 to +0.1 cm 
p a t h - d i f f e r e n c e i s shown i n f i g . 3 . 1 . The ar ray index records the o rder 
o f the elements o f the sampled i n t e r f e rog ram ar ray as they are recorded 
from negat ive p a t h - d i f f e r e n c e through the Grand Maximum to p o s i t i v e pa th -
d i f f e r e n c e . The card data i s read i n t o the t rans fo rm programme, FTRAN4, 
by a subrout ine TPREAD, which re tu rns to the main programme the t o t a l 
number o f i n t e r f e rog ram po in ts as we l l as the i n t e r f e rog ram ar ray i t s e l f . 
The end o f the i n te r f e rog ram i s i n d i c a t e d by a negat ive number placed a t 
the end o f the card images by the tape read programme DCL99SPY. The sub-
rou t i ne SUBDH i s next c a l l e d , where the i n t e r f e rog ram ar ray i s searched 
f o r i t s maximum value by a f u r t h e r subrou t ine AMX. This maximum value i s 
then taken as the Grand Maximum p o s i t i o n , and the requ i red number o f po in ts 
(N/2) are then taken e i t h e r s ide o f t h i s . I f there are po in ts sho r t on 
e i t h e r s ide o f the Grand Maximum, then the data i s padded out by repea t ing 
the f i r s t or l a s t member o f the i n t e r f e rog ram a r r a y , to make up to the 
requ i red number. A warning s igna l i s p r i n t e d on the p r i n t e r ou tput and the 
number o f i n s e r t e d po in ts recorded. 
The i n te r f e rog ram ar ray (now from 1 to N e x a c t l y ) i s then 
summed and the average value computed. This average value i s then sub t rac ted 
from a l l the a r ray e lements, to remove the non-modulated pa r t o f the 
i n t e r f e r o g r a m . This averaging process has the advantage over o the r techn iques , 
where the l a s t element o f the i n t e r f e rog ram ar ray i s sub t rac ted from the 
whole a r r a y . In the l a t t e r method the noise i n the wings o f the i n t e r f e rog ram 
can lead to ser ious u n c e r t a i n t i e s i n any s i n g l e element chosen, and hence 
to la rge e r r o r s i n the computat ion o f the modulated i n t e r f e r o g r a m . 
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Richards (30) recommends taking the average of the interferogram array fo r 
points near the end of the array, and then to use th is long path-dif ference 
level as the mean interferogram l e v e l . By averaging over the whole 
interferogram we are attempting to remove any ef fects which d r i f t i n g of the 
source or detector may have on the mean interferogram l e v e l . This d r i f t i n g 
could cause inaccuracies in computed in tens i t i es from the rat ioed spectra. 
This procedure normally gave modulated interferograms which f e l l to w i th in 
±20 in the wings (on a scale -2048 to + 2048), showing 1% accuracy in 
determination of the mean interferogram l e v e l . 
As already mentioned, the programme uses the Cooley-Tukey fas t 
Fourier transform procedure, where the spectral d i s t r i bu t i on is obtained 
from a one-sided Fourier cosine transform. Since only one side of the 
interferogram is being transformed i t is necessary to correct the i n t e r f e r -
ogram funct ion fo r any asymmetry introduced, e i ther by instrument imperfe-
ctions (31,32), or by the sampling process i t s e l f (33). Asymmetry in the 
interferogram due to sampling is caused by the f i n i t e size of the sampling 
steps, and hence the high probab i l i t y that a sample w i l l not be taken at 
exactly zero-path-di f ference. I f the s ta r t ing point of the interferogram 
is not at zero-path-di f ference, then a phase er ror tj>(v) is introduced, 
which makes the interferogram asymmetric about the Grand Maximum, and 
produces a r t i f i c i a l asymmetry in the computed absorption bands. 
A symmetric interferogram funct ion is obtained by an autocorre-
la t i on procedure, whereby the whole of the asymmetric interferogram is 
convoluted with a section of the same interferogram about zero-path-d i f fere 
giv ing an essent ia l ly symmetric interferogram. The convolution process 
is defined by: 
h(x) = f ( x ) *g (x ) = / ^ f ( u ) . g ( x - u ) . 6 u 3.2 
where the aster isk denotes convolut ion. 
Programme FTRAN4 employs a routine which convolves the whole interferogram 
with i t s e l f to give a completely symmetric interferogram. F ig. 3.2 shows 
11 
X 
LU 
Q 
Z 
>-
< 
Cr 
< 
•IT) 
CM 
CNJ 
-O 
< 
o o cr 
cr 
i— 
z 
oo 
o 
NT Csl 
d d d 
V 1 
CM 
o 
•C; 
Nl" 
o 
CO 
CM 
NT 
O 
LU 
< 
I j J 
a: 
cr 
G 
(J 
O 
h -
< 
CM 
CO 
o 
I S 
the normalised, autocorrelated interferogram derived from the interferogram 
of f i g . 3 . 1 . The array index now records the number of interferogram 
elements s ta r t i ng from zero-path-dif ference (array element 1) to the maximum 
path-di f ference (array element 128). The autocorrelated interferogram can 
be seen to be symmetric about the maximum path-di f ference pos i t i on . I t 
should be noted that by convolving the interferogram array with i t s e l f , the 
array elements are in fac t being squared, and i t is thus necessary to 
square-root each of the transformed array elements to give the correct 
spectral in tens i ty d i s t r i b u t i o n . 
A second method fo r obtaining a symmetric interferogram funct ion 
w i l l be mentioned for completeness, since i t i s used to obtain re f rac t i ve 
index data from asymmetric in ter ferons t r y (see chapter 8 ) . The method is 
due to Forman et al (34) , and involves ca lcu lat ion of the phase er ror <}>(v) 
introduced by the asymmetry in the interferogram. The phase funct ion <()(v) 
is calculated from a small port ion of the o r ig ina l interferogram, and a 
correct ion funct ion is obtained as the Fourier transform of exp( j(f>(v)). 
This correct ion funct ion is apodised (see l a te r in th is chapter) and then 
convoluted across the or ig ina l interferogram to produce an essent ia l ly 
symmetric funct ion about zero-path-di f ference. This method has the advantage 
that the phase errors can be recovered, and is pa r t i cu la r l y useful in 
dispersive inter ferons t r y , where the phase values can be used to obtain 
dispersion curves. 
The a l te rnat ive to obtaining a t o t a l l y symmetric interferogram 
is to compute the spectrum using a f u l l double-sided power transform (35) , 
which handles the asymmetry and gives values fo r the phase er ro rs . The 
disadvantage of the f u l l double-sided power transform is that the s igna l -
to-noise ra t i o is less than that fo r the single-sided transform, since 
the whole of the interferogram is transformed. The power transform 
produces a spectrum with a non-l inear s ignal- to-noise r a t i o , where the 
ra t i o is poorer to low frequency. This made the power transform unsuitable 
1 1 
fo r our purposes, as the major i ty of our spectra in th i s study were 
recorded below 300 cm \ 
The interferogram can only be recorded over a f i n i t e path-
d i f fe rence, whereas the modulation of the sinusoidal funct ions, which make 
up the interferogram is present to i n f i n i t e path-di f ference. Hence the 
interferogram funct ion is being truncated before the modulation in i t 
has reached zero amplitude. This t runcat ion is the equivalent of introducing 
a noise spike at the end of the interferogram array. Fourier transformation 
of these noise spikes gives a sinusoidal r ipp le throughout the spectrum, 
which appears as a very high noise l e v e l , and causes sharp l ines in the 
computed spectrum to be accompanied by subsidiary maxima. The noise spike 
introduced by the necessary truncat ion is e f f ec t i ve l y removed by a mathem-
a t i ca l process known as apodisation. I t is arranged that the modulation of 
the interferogram is smoothly reduced to zero amplitude at maximum path-
d i f fe rence. Programme FTRAN4 employs the apodisation funct ion : 
APOD(k) = cos 2(kir/N) 3.3 
where k is an integer varying between 1 and the number of points 
to be apodised, and N is the to ta l number of points to be transformed. 
This apodisation funct ion is i l l u s t r a t e d in f i g . 3.3, with N = 256, where 
i t can be seen that the funct ion f a l l s smoothly to zero at array index 
128, which corresponds to the maximum path-di f ference recorded in the 
interferogram of f i g . 3 . 1 . The resul ts of th is mathematical smoothing can 
be seen by comparing f i g . 3.4 (which shows the normalised apodised i n t e r f e r -
ogram corresponding to the interferogram of f i g . 3.1) with f i g . 3.2, which 
shows the normalised, non-apodised autocorrelated interferogram. The 
apodisation can be seen to have reduced the amplitude of modulation towards 
the maximum path-d i f ference, which occurs in the centre of the f i gu re . 
The actual Fourier Transformation of the apodised, autocorrelated 
interferogram, to give the spectral data is handled by subroutine SUBTM. 
Forman (31) pointed out the tremendous time savings, which could be achieved 
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by using the fas t Fourier transform algorithm (29). Bingham and Morrow (36) 
and Connes ( re f . 37, p. 83) have given explanations of the a lgor i thm, and 
i t has recently been reviewed by Bell ( re f . 12, p. 237). In the Cooley-
Tukey algorithm only numbers of points which are powers of 2 can be t rans-
formed ( i . e . 64, 128, 256, 512, 1024 or 2048 po in ts ) . In the programme 
FTRAN4 the algori thm has been s l i g h t l y modified so that the transformed 
elements come out in the correct order fo r spectrum p lo t t i ng as a funct ion of 
increasing frequency. 
The programme stores the background transformed element array, 
and returns to read the sample interferogram, which is reduced, autocorrelated, 
apodised and Fourier transformed in a s imi la r manner to the background 
interferogram. Before the spectrum is p l o t t ed , subroutine SUBPT calculates 
the wavenumber corresponding to each element in the transformed array. This 
brings us to a discussion of the theory of sampling, and the phenomenon of 
a l i as ing . 
The interferogram funct ion is an experimental quant i ty which 
cannot be represented ana l y t i ca l l y , and henre the in tegra t ion has to be 
performed numerical ly. The interferogram is not recorded as a continuous 
func t ion , since i t must be d ig i t i sed for computer input . The d i g i t i s a t i o n 
occurs when the mirror dr ive has changed the path-di f ference between the 
beams by some integral mul t ip le of the sampling in terva l x Q . The i n t e r f e r -
ogram (as recorded on paper tape) is thus a sampled version containing 
2n +1 observations of the in tens i ty I ( m x o ) , where m = -n 0 +n. 
The subroutine SUBTM actual ly carr ies out the Fourier summation: 
S(v) a x . E m = + n I'(mx ).cos(27rvmx ) 3.4 v ' o m=-n v o' v o' 
whereas, as can be seen from eqn. 1.31, the desired spectral funct ion 
is given by: 
S(v) a / ^V (x) . C O S ( 2 T T V X ) 3.5 
The change in l im i t s fo r path-d i f ference, from the whole range to i n f i n i t y , 
to a l im i ted range, resul ts in the spectrum having only l im i ted resolut ion 
$ 3 
as discussed in chapter 1. The replacement of a continuous funct ion by a 
sampled func t ion , and the replacement of the in tegra t ion by a summation 
leads to the phenomenon termed a l i as ing . 
Eqn. 3.4 enables the determination of a number of cosine waves, 
whose sum passes through the observed po in ts , and hence sa t i s f i es the equation. 
I f a pure cosine wave of frequency v Q sa t i s f i es eqn. 3.4, then the spectral 
funct ion S(v) can be recovered. However since the cosine funct ion repeats 
every 2TT radians then: 
COS (2TTV mx ) = COS (2TTV mx + n2irm) x o o v o o ' 
= cos(27imx ( v . + n/x ) 3.6 
X O X u 0 ' 
where n and m are both integers. 
Therefore an i n f i n i t e number of higher frequencies: 
v p = v Q ± n/xQ n = 1,2,3 3.7 
w i l l also sa t i s fy eqn. 3.4. This equation w i l l only give a true spectrum 
fo r frequencies between 0 and n/x Q . S im i l a r l y , since the cosine funct ion 
re f lec ts about ir radians then: 
cos(2irv mx ) = cosfirnm ± 2iTmx Av ) v o o o o ' 
= cos(2Tmix o(n/2x 0 ± A v Q ) ) 3.8 
where Av = imm ± v „ o o 
and n and m are once again both integers. 
Thus the sum in eqn. 3.4 is the same fo r a l l values o f : 
v = n/2x ± A\J n = 1,2,3 3.9 
o ' o o 
and true spectral information is res t r i c ted to the range 0 to 1 /2X q radians. 
For an interferogram sampled every 8 ym of path-di f ference ( X Q = 8 ym), the 
4 -1 
a l ias ing or fo ld ing frequency is 10 /16 = 625 cm . The interferogram 
must not contain spectral information fo r frequencies above the a l ias ing 
frequency, or these w i l l be ref lected about the a l ias ing frequency, and w i l l 
appear in the spectrum of the region below the a l ias ing frequency. This 
high-frequency spectral information can be removed by using sui table f i l t e r s . 
The a l ias ing problem in interferometry is equivalent to that of stray l i g h t 
in grat ing spectroscopy. 
The subroutine SUBPT calculates the a l ias ing frequency, and 
he^ ce the frequency increment of the Fourier spectral elements, by d iv id ing 
by the number of elements. Thus fo r an 8 um sampling in terva l (4 ym of 
mirror movement) a 1024 point double-sided interferogram gives a frequency 
increment of 625/512 = 1.22 cm \ The transformed element data is then 
truneated to the required spectral region, by supplying lower and upper 
frequency l i m i t s . The background transformed element array is then normalised 
by d iv id ing through by the largest element incthe array, and the square-
root of each element is taken to provide the spectral i n tens i t y . This is 
p lot ted as a funct ion of frequency as the normalised background spectrum. 
Subroutine SUBLP sets up the transmission axes, and subroutine SUBGP conducts 
the p l o t t i n g . The normalised sample spectrum is then p lot ted in a s imi la r 
manner. Figs. 3.5 and 3.6 show background and sample transmittance spectra, 
the background spectrum being computed from the interferogram of f i g . 3 . 1 . 
(The resolut ion is 1/4 that normally achieved during standard runs, since 
a 256 point computation has been used rather than the typ ica l 1024). 
The subroutine SUBCOR is cal led to calculate the increase in 
gain from the instrument gain se t t ings , used to record the background and 
sample interferograms. With the Beckman-RIIC L td . FS200/7 electronics the 
gain measurements are made in decibels (dB) as defined (38) by: 
dB = 20 l o g 1 £ ) ( V 1 / V 2 ) 3.10 
where V-j and are the ampl i f ie r output and input voltages 
respect ively. The ra t i o V^/V^ is the gain of the amp l i f i e r , which can be 
calculated by rearrangement of eqn. 3.10 as: 
gain = V ] / V 2 = exp(2.303.dB/20) 3.11 
The FS200/7 electronics have both course and f ine gain contro ls . The course 
gain determines the ampl i f i ca t ion produced in the main Golay amp l i f i e r , 
and is cal ibrated in decibels. The f ine gain controls the Golay pre-
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ampl i f i e r , by use of a he l ipot d ia l reading from 0 to 999 wi th a to ta l 
gain of 10 dB. The gain produced by the preampl i f ier i s not l inear with 
respect to the reading of the hel ipot d i a l , and must be determined by use of 
a f ine gain potentiometer ca l ib ra t ion curve (39) as shown in f i g . 3.7. 
The course and f ine gains are summed for both background and 
sample interferograms, and a gain correct ion factor calculated as the rec ip-
rocal of exp(2.303.dB/20). This correct ion factor is passed to the main 
programme, where the transformed elements, as stored before normal isat ion, 
fo r the sample are divided by those fo r the background. The square-root 
of the resu l t ing elements is then taken to give the rat ioed transmittance 
array. The elements of th is array are then mul t ip l ied by the gain correct ion 
fac to r , to give the transmission spectrum corrected f o r the gain di f ference 
between the sample and backgound interferograms. F ig. 3.8 shows the rat ioed 
transmittance spectrum fo r the background and sample transmittance spectra 
of f i g s . 3.6 and 3.7. 
The ra t io ing of the o r i g i n a l , non-normalised, transformed 
elements eliminates problems due to the normalisation to peak noise, 
encountered with programme DCH05277 (20, 21), in which the normalised t rans-
formed elements were ra t ioed. The ra t io ing pocedure in the programme DCH05277 
X. 
made necessary a correct ion fo r the d i f f e ren t normalisation constants 
employed in producing the normalised background and sample transmittance 
spectra. I f noise was predominant in the spectrum, the use of DCH05277 fo r 
computation led to serious errors in the values for the rat ioed elements 
throughout the spectrum, due to inaccuracies in the normalisation constants. 
The improvements made to th is rout ine in FTRAN4 are especial ly important 
when the resu l t ing spectra are to be used fo r in tens i ty measurements, since 
i t is then important that the highest accuracy possible be achieved in the 
levels of the transmittance curves. 
The f i n a l spectrum can be p lo t ted on the l i ne p r i n te r as the 
transmittance spectrum or as the absorbance spectrum where: 
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Absorbance = l og e ( l / t r ansmi t t ance ) -
= l o W T >v 3 ' 1 2 
where TQ is the background transmittance 
and T is the sample transmittance. 
I f the transmittance spectrum is required then the axes are set up by the 
subroutine SUBLP, and the spectrum p lo t ted by the subroutine SUBGP. I f the 
absorbance spectrum is required then the axes are set up by the subroutine 
SUBLPL, and the spectrum plot ted by the subroutine SUBGPL. I f required the 
rat ioed transmittance spectrum can be outputted to a separate f i l e or 
device, and can be copied to *PUNCH* to give a card deck copy of the 
frequency/transmittance data, which can be used fo r fu r ther computation. 
A graph p lo t t i ng programme GPLGT3 was used to obtain the spectra 
as continuous curves, rather than the dot spectra produced by the l i ne 
pr in te r with programme FTRAN4. The frequency/transmittance data produced by 
the programme FTRAN4 is read in and i n i t i a l l y converted to natural logarithm 
absorbance by use of eqn. 3.12. The spectrum is usually p lo t ted as l o g g 
absorbance wi th an increasing wavenumber scale. Various abscissal frequency 
scales are ava i lab le , and the absorbance scale can be p lot ted with e i ther 
2.5 or 1.0 absorbance units f u l l - s c a l e . The units fo r the absorbance scale 
are 'nepers ' , since absorbance is determined as the ra t io of two powers as 
a natural logari thm. 1 neper equals 8.686 dB (39). F ig. 3.9 shows the 
rat ioed absorbance spectrum obtained using programme GPL0T3 fo r the t rans-
mittance spectrum of f i g . 3.8. 
The absorbance data can also be p lo t ted with a neper cm"^ 
(or neper m ^) scale wi th programme GPL0T3, to take into account the e f f ec t 
of pathlength upon the strength of the absorption occurr ing. 
neper cm 1 (m" 1) = absorbance/pathlength 3.13 
where the pathlength is in cm (m). 
F ig. 3.10 shows the absorbance spectrum of f i g . 3.9 represented on such 
a neper m"1 scale. 
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For solut ion work, where account needs to be taken of the e f f e c t 
of concentration on the strength of the absor pt ions, the absorption data 
2 -1 
can be plot ted on a neper m mol. scale: 
2 -1 
neper m mol. = absorbance/pathlength x concentration 
3.14 
_3 
where the concentration has units mol. m . 
F ig . 3.11 shows the absorbance spectrum of f i g . 3.9 represented on such a 
2 i ~ 1 , neper m mol. scale. 
3.2 Comparison of the theoret ical and experimental resolution obtained 
using the FS-720 interferometer and the programme FTRAN4 
In an e f f o r t to determine the experimental resolution achieved 
with the FS-720 a spectrum of water vapour was recorded. The sample chamber 
was p a r t i a l l y f i l l e d with atmospheric water vapour by admittance of a i r . 
The sample chamber was sealed o f f from the remainder of the interferometer 
with a 3 mm white polythene window. 2048 point interferograms were recorded 
at 8 urn sampling in te rva l f o r both the water vapour sample and the instrument 
background. The interferograms were recorded using a 25 gauge beam-spli t ter , 
with a white polythene lens and black polythene f i l t e r . Spectra were then 
computed over the region 35 to 500 c m " \ using programme FTRAN4 with 512, 
1024 and 2048 point portions of the tape. These water vapour spectra are 
shown in f i g s . 3.12 to 3.14. Figs. 3.12A, 3.13A and 3.14A show expanded 
plots of the relevent absorptions f o r c l a r i t y . The 512 point tape section 
represents a maximum mirror displacement of 0.1024 cm, and hence using 
eqn. 3.1 the theoret ical resolut ion w i l l be 4.88 cm \ The 1024 point tape 
section represents a maximum mirror displacement of 0.2048 cm and hence 
w i l l have a t heo re t i ca l , non-apodised resolut ion of 2.44 cm~^. The 2048 
point tape section represents a maximum mirror displacement of 0.4096 cm, 
and a t heo re t i ca l , non-apodised resolut ion of 1.22 cm~^. 
To assist with the determination of the resolution achieved f o r 
the 3 computed spectra, each of the absorptions was indexed wi th the help 
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of a table of water vapour absorption frequencies published in the 
l i t e r a t u r e ( r e f . 20, p. 317). Table 3.1 shows the frequencies f o ' t h e 
59 water vapour bands wi th in the spectral region 55 to 305 cm \ wi th 
greater than one-tenth the in tens i ty of the 202 cm ^ band (which is the 
strongest i n the region) . A l l of the bands observed i n the 3 computed 
spectra were assigned using these 59 absorptions. Tables 3.2 to 3.4 show 
the assignments f o r the bands observed in the spectra computed f o r the 
512, 1024 and 2048 point interferograms respectively. 
The tables and spectra were searched f o r pairs of bands which 
were j u s t being resolved, and also f o r pairs of bands in which one of the 
bands appeared as a shoulder on the side of the other band. The l a t t e r 
indicat ing that the two bands were not quite being resolved. From table 
3.2 and f i g . 3.12 i t can be seen that f o r the 512 point interferogram the 
bands indexed 15 and 16 were f u l l y resolved. These bands corresponded to 
the 188.184 and 194.37 cm"^ bands i n table 3 . 1 , and so the resolut ion could 
be seen to be better than 6 cnf^. The two resolved bands are denoted in f i g s . 
3.12 and 3.12A by the l e t t e r A. I t should be noted that the observed frequen-
cies were taken from the l ine p r in t e r output, which had a 2.44 cm ^ in terva l 
f o r a 512 point interferogram. The magnitude of th is in terva l causes the 
discrepance between observed and l i t e r a t u r e frequencies. Since i t i s the 
resolution being achieved that was of in te res t , then the more accurate 
l i t e r a t u r e values f o r the absorption frequencies were used f o r the calcula t ion 
of the observed resolu t ion . From f i g s . 3.12 and 3.12A i t could also be seen 
that f o r a 512 point interferogram the band indexed 7 appeared as a d e f i n i t e 
shoulder on the side of the band 6. These bands correspond to the 104.57 
and 100.55 cm ^ bands, and hence the resolut ion being achieved was not as 
good as 4 cm~^. These two p a r t i a l l y resolved bands are denoted by the l e t t e r 
B in f i g s . 3.12 and 3.12A. 
For the 1024 point interferogram i t could be seen from f i g s . 3.13 
and 3.13A together with table 3,3 that the bands indexed 35 and 36 were 
Table 3.1 Water vapour bands wi th in the region 55 to 305 cm with 
greater than one-tenth the in tens i ty of the 202 cm band. 
( a l l cm 1 ) 
55.705 121.90 177.534 253.98 
57.269 126.997 181.380 254.01 
64.029 132.666 188.184 266.24 
68.060 138.990 194.37 278.27 
73.259 139.76 202.47 278.49 
75.523 140.708 202.69 280.35 
79.776 149.056 202.909 282.25 
82.153 150.519 208.49 289.43 
88.079 151.30 213.908 302.93 
92.540 153.45 221.72 302.99 
99.024 157.63 223.69 303.14 
99.14 157.87 226.64 
100.55 166.704 227.86 
104.570 170.358 231.21 
111.129 173.503 245.332 
120.084 176.02 253.82 
Table 3.2 Water vapour spectrum f o r 512 computed points 
index obs. f r e q . assignment 
/cm' 1 / cm ' 1 
1 56.15 55.705 + 57.269 
2 63.48(w) 64.029 
3 73.24 73.259 
4 78.13(sh) 79.776 + 82.153 
5 90.33 88.079 + 92.540 
6 100.10 100.55 (99.024 & 99.14 as asymmetry) 
7 104.98(sh) 104.570 
8 122.07 120.084 + 121.90 (111.129 asy.) 
9 131.84 132.66 
10 139.16 138.99 + 139.76 + 140.708 
11 151.37 149.056 + 150.519 + 151.30 
12 156.23(sh) 153.45 + 157.63 + 157.87 
13 170.90 170.358 
14 175.78(sh) 176.02 + 177.534 + 181.38 
15 187.99 188.184 
16 195.31 194.37 
17 202.64 202.69 + 202.47 + 202.909 
18 209.96 208.49 
19 227.05 227.86 (221.72 + 223.69 +226.64 asy.) 
20 246.58 247.90 
(continued) 
Table 3.2 (continued) 
index obs. f r e q . assignment 
/cm" 1 /cm 1 
21 253.91 253.82 + 253.98 + 254.01 
22 266.11(w) 266.24 
23 278.32(sh) 278.27 + 278.49 
24 280.76 280.35 + 282.25 
25 290.53 289.43 
26 302,73 302,93 +302,99 +303,14 
Observed frequency taken from the l ine p r in t e r spectral output at a 
2.44 cm - 1 i n t e r v a l . 
w = weak sh = shoulder 
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Table 3.3 Water vapour spectrum f o r 1024 computed points 
index 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
obs. f r e q . 
/cm" 1 
56.15 
63.48(w) 
68.36(w) 
73.24 
79.35 
81.79(sh) 
87.89 
92.77 
100.10 
104.98 
111.08 
122.07 
126.95 
131.84 
140.38 
150.15 
157.47 
166.02(w) 
170.90 
173.24(w) 
assignment 
/cm" 1 
55.705 + 57.269 
64.029 
68.060 
73.259 
79.776 
82.153 
88.079 
92.540 
100.55 (99.024 + 99.14 asy.) 
104.570 
111.129 
120.084 + 121.90 
126.997 
132.666 
138.99 + 139.76 + 140.708 
149.056 + 150.519 + 151.30 ( 153.45 asy.) 
157.63 + 157.87 
166.704 
170.358 
173.503 
(continued) 
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Table 3.3 (continued) 
index obs. f r e q . assignment 
/cm" 1 / c m - 1 
21 177.00 176.02 + 177.534 
22 181.88 181.38 
23 187.99 188.184 
24 194.09 194.37 
25 202,64 202.47 + 202.69 + 202.909 
26 208.74 208.49 
27 213.62 213.908 
28 222.17 221.72 
29 227.05 226.264 + 227.86 
30 231.93(w) 231.21 
31 245.36(sh) 245.332 
32 247.80 247.90 
33 253.91 253.82 + 253.98 +254.01 
34 266.11 266.24 
35 278.32 278.49 
36 281.98 280.35 + 282.35 
37 288.09 289.43 
38 302.73 302.93 + 302.99 + 303.14 
Observed frequency taken from the l i ne p r in t e r spectral output at a 
1.22 cm 1 i n t e r v a l . 
w = weak sh = shoulder 
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completely resolved, indica t ing that the resolution was better than 2.8 cm 1 . 
Band 6 appeared as a shoulder on the side of band 5, and so the resolution 
was poorer than 2.4 c m - 1 . The resolved and unresolved band pairs are denoted 
by the l e t t e r s A and B respectively on f i g s . 3.13 and 3.13A. The water 
vapour spectrum computed from the 2048 point interferogram is depicted in 
f i g s . 3.14 and 3.14A, and table 3.4. Bands 31 and 32 were seen to be f u l l y 
resolved, and band 10 appeared as a shoulder on band 9, thus indica t ing that 
the resolution being achieved was better than 1.5 cm ^, but not as good as 
1.1 cm" 1 . The resolved and unresolved bands are once again depicted by the 
l e t t e r s A and B respectively on f i g s . 3.14 and 3.14A. 
Taking the resolut ion as the mean of the values f o r the resolved 
pair of bands and the unresolved pair of bands, gave a resolut ion of 5 cm 1 
f o r the 512 point interferogram, 2.6 cm 1 when using 1024 points and 1.3 
cm - 1 when using 2048 points . The l i n e a r i t y of the resolut ion with the recip-
rocal of interferogram length was as would be expected from eqn. 3 . 1 , and 
indicated that the method used f o r calculat ing the resolut ion achieved was 
a viable one. This method of searching water vapour spectra between 50 and 
300 c m - 1 , f o r pairs of bands which j u s t have, or have not, been resolved, 
depends c r i t i c a l l y upon the a v a i l a b i l i t y i n the water vapour spectrum of 
a number of bands separated by frequencies comparable to the reso lu t ion . 
Water vapour was chosen because of i t s high number of f a r - i n f r a r e d absorp-
t ions , which enable the resolut ion to be determined accurately. 
The Rayleigh Cr i t e r ion of resolution ( r e f . 40, p. 117) states 
that two lines of approximately the same in tens i t i es can be distinguished 
i f the i l l umina t ion between the l ines decreases by 20 to 25% of t he i r peak 
value. This somewhat a rb i t r a ry condit ion was developed f o r d i f f r a c t e d l i n e s , 
where the condition holds when the maximum of one d i f f r a c t e d l i ne f a l l s over 
the minimum of the other l i n e . The resolution as determined above may well 
be f o r a f a r less s t r ingent condit ion than that f o r the Rayleigh c r i t e r i o n , 
because the minimum between the two bands did not occur at a l l f o r the 
unresolved bands, and is only about 10% f o r the f u l l y resolved bands. 
Pressure broadening may well be causing some increase in half-band width , 
and hence apparent decrease i n resolu t ion , but th is i s l i k e l y to be small 
f o r the low pressure of water vapour employed. However, the Rayleigh C r i t -
erion deals with bands of equal i n t e n s i t i e s . I t w i l l obviously require 
greater resolut ion to resolve a band of small in tens i ty from the side of a 
more intense band, than to resolve two equally intense bands. Taking th is 
point in to account, the resolutions quoted may well be those f o r a condition 
equivalent to that c i ted by Rayleigh. A l l i n a l l the values determined would 
seem to be reasonable indicat ions of the resolut ion being achieved. 
Tables 3.2 to 3.4 show that the wavenumber accuracy achieved 
i n the computed spectrum was i n a l l cases very high. I t was always less 
than one-third of the resolut ion as determined above. Each table was 
searched f o r the maximum frequency discrepancy between the observed frequency 
and the l i t e r a t u r e frequency. The maximum discrepancy f o r s ingly assigned 
bands f o r the 512 point interferogram was seen to be 1.5 cm"^, occurring 
f o r band 18. For the 1024 point interferogram the maximum discrepancy was 
0.7 cm"^, also occurring f o r band 18, and f o r the 2048 point interferogram 
the maximum discrepancy was 0.4 cm \ occurring f o r band 8. These f igures 
show the extremely high wavenumber accuracy of the computed spectra. 
The resolution obtained f o r the various tape lengths, a l l recorded 
with an 8 ym sampling i n t e r v a l , are contained i n table 3.5. 
lo7 
Table 3.4 Water vapour spectrum fo r 2048 computed points 
index obs. f r e q . assignment 
/cm ^ /cm ^ 
1 53.71 53.444 
2 55.54 55.705 
3 57.37(sh) 57.269 
4 59.81(w) 59.871 
5 62.26(w) 62.30 
6 64.09(w) 64.029 
7 68.36(w) 68.06 
8 72.63 72.186 
9 73.24 73.259 
10 75.07(sh) 75.523 
11 79.35 79.776 
12 81.79 82.153 
13 87.89 88.079 
14 92.16 92.540 
15 95.83 96.187 
16 100.71 100.55 (99.024 + 99.14 asy.) 
17 104.98 104.570 
18 111.08 111.129 
19 117.80 117.97 
20 120.24 120.084 
(continued) 
Table 3.4 (continued) 
index obs. f req. assignment 
/cm" 1 /cm 1 
21 122.07 121.90 
22 126.95 126.997 
23 132.45 132.666 
24 139.16 138.99 + 139.76 + 140.708 
25 150.76 150.519 + 151.30 (149.056 asy.) 
26 153.20 153.45 
27 158.08 157.63 + 157.87 
28 166.63 166.704 
29 170.29 170.354 
30 173.34 173.503 
31 176.39 176.02 
32 177.61 177.534 
33 181.27 181.38 
34 187.99 188.14 
35 194.09 194.37 
36 202.64 202.69 + 202.47 
37 208.13 208.49 
38 214.23 213.908 
39 221.56 221.72 
40 224.00 223.69 
(continued) 
IOC) 
Table 3.4 (continued) 
i ndex obs. f req. assignment 
/cm" 1 /cm 1 
41 226.44 226.264 
42 227.66 227.86 
43 245.36 245.332 
44 247.80 247.90 
45 253.91 253.82 + 253.98 
46 266.11 266.24 
47 278.32 278.27 + 278.49 
48 280.15 280.35 
49 281.98 282.25 
50 289.31 289.43 
51 302.73 302.93 + 302.99 + 303.14 
Observed frequency taken from the l i ne p r in te r spectral output at a 
0.61 cm 1 i n t e r v a l . 
w = weak sh = shoulder 
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PART B 
IONIC SOLVATION STUDIES 
CHAPTER 4 
FAR-INFRARED STUDIES OF TETRA-N-ALKYLAMMONIUM 
SALTS IN VARIOUS SOLVENTS 
1 H 
4.1 Introduct ion to ionic solvat ion work 
I t has been recognised (41-47) fo r a considerable time that 
solvated ions are the predominant ionic species in solut ions of ionic sal ts 
in solvents of r e l a t i v e l y high p e r m i t t i v i t y . Ion pa i rs , t r i p l e ions and 
higher aggregates ex is t in solut ions of ion ic sa l ts in solvents of low 
pe rm i t t i v i t y (48-52). Many of the physical propert ies determined for elec-
t r o l y t e solut ions are bulk properties of the solut ion as a whole ( v i scos i t y , 
conduct iv i ty and freezing point depression), which gave no real ind icat ion 
of the microstructure at the ion i t s e l f . Far- in f rared spectroscopy can y i e l d 
information regarding the shortrange forces and solut ion structure at ion 
centres in ion ic so lu t ions, and so help in deducing the type of solvat ion 
occurring at the ion centres. Edgell and Watts ( re f . 53, p. 85) f i r s t used 
fa r - i n f ra red spectroscopy as a useful l means of e luc idat ing ionic so lut ion 
structure in 1965. They assigned a band at 190 cnf^ in solut ions prepared 
by shaking sodium amalgam with dicobaloctacarbonyl (Co2(C0)g) in tetrahydro-
furan (THF), to the motion of the Na+ cat ion in the solvent (43). Simi lar 
+ + 
bands, assigned to cat ion motions fo r Li and K ^occur r ing at 407 and 
150 cnf^ respect ively were discovered fo r L i + Co(C0) 4 " and K +Co(C0) 4 in THF 
solut ions (43) . 
Evans and Lo (48) observed the fa r - i n f ra red spectra of some 
tetra-n-alkylammonium sal ts in benzene, and a t t r ibu ted the observed bands to 
the v ibrat ions of ion pairs or quadrupoles, and possibly even higher aggregates. 
A band was observed at 120±3 cm ^ fo r tetra-n-butylammonium ch lo r ide , and 
one at 80±4 cm~^ f o r tetra-n-butylammonium bromide. For tetra-n-pentylammonium 
chlor ide a band was observed at 119±3 c m " \ and fo r tetra-n-pentylammonium 
bromide at 80±4 cm ^ . The band thus showed strong anion dependence, and 
reduced mass calculat ions supported the assignments of the bands to the 
v ibra t ion of ion pa i rs . 
The l i t e r a t u r e of f a r - i n f ra red studies on e lec t ro ly te solut ions 
soon expanded as work was conducted in a wide range of solvents of varying 
p e r m i t t i v i t y , fo r a large number of e lec t ro l y tes . Edgell has reviewed the 
work in the in f rared and Raman studies of ions and ion pairs in organic 
solvents p r io r to 1972 ( re f . 47, p. 153). Chapter 7 contains a summary of 
previous work in re la t ion to the resul ts obtained in th is study. 
The bands occurring fo r the cation ' r a t t l i n g ' in polar solvents, 
and fo r the v ibra t ion of ion pairs in r e l a t i ve l y non-polar solvents, have 
very s imi la r shapes. Both types of band have half-band widths of the order 
of 80 c m " \ The s i m i l a r i t i e s in the absorption p ro f i l es indicated that the 
processes giv ing r ise to the absorptions in apparently widely d i f f e ren t 
systems were in fac t of s im i la r o r i g i n . A study of the absorption bands of 
e lec t ro ly tes dissolved in both polar and non-polar solvents was undertaken. 
I t was hoped that th is would throw addit ional l i g h t on the nature and o r ig in 
of these fa r - i n f ra red bands. In making more detai led studies than those 
previously undertaken fo r the bands of such systems, i t was hoped that a 
dynamic model could be constructed from the resul ts obtained, to sa t i s fac to -
r i l y explain the observed phenomena in terms of the cooperative motions of 
the ions and solvent molecules in the l i q u i d phase. 
The major i ty of the fa r - i n f ra red e lec t ro l y te solut ion studies 
in the l i t e r a t u r e entai led only the measurement of frequencies of maximum 
absorption and studies of the e f fec t of a change of ca t i on , anion and solvent 
on the frequency of maximum absorpt ion, to assis t wi th the assignment of bands. 
Some work related the ex t inc t ion coe f f i c i en t at the band centre wi th the 
concentration of the sa l t species present. In th is work the area under the 
absorption bands has been used to determine the in tens i t y of the bands, and 
th is area has been related to the concentration of sa l ts present in the 
e lec t ro ly te so lut ions. 
The ef fects on the absorption band of concentration of added 
e l e c t r o l y t e , solvent, temperature and phase have been studied. This chapter 
contains the resul ts of an extensive study of the f a r - i n f ra red absorptions 
of tetra-n-alkylammonium sa l ts in the solvents benzene, carbon te t rach lor ide 
1 1 ^ 
and chloroform. 
4.2 Tetra-n-butylammonium chlor ide in benzene 
B.D.H. Analar benzene was used as solvent , and was used without 
fu r ther p u r i f i c a t i o n , except that i t was stored over molecular sieves for 
at least two days p r io r to use. A Karl-Fischer t i t r a t i o n showed less than 
0.001% by weight of water in the benzene solvent. The tetra-n-butylammonium 
chlor ide (Bu^N+Cl") was purchased from Eastman-Kodak L td . and was stored 
over calcium chlor ide in a dessicator, and then used without fu r ther pu r i f -
i ca t i on . The solut ions of Bu^N+Cl in benzene were made by weighing out the 
required amount of sa l t in a volumetric f l ask , and making up to the mark 
with dr ied benzene. (See section 4.2.2 fo r the e f f ec t of water on the spectra 
of the so lu t ions. ) 
Spectra of Bu^N+Cl in benzene were obtained in the conventional 
transmission mode over the range 20 to 250 cm \ using a 50 gauge beam-
s p l i t t e r with a white lens and 50 ym black polythene f i l t e r , as described 
in chapter 2. The 1024 point interferograms were computed giving a resolut ion 
of about 2.6 cm~\ as described in chapter 3. The spectra i l l u s t r a t e d are a l l 
rat ioed absorbance spectra of solut ions of the sa l t i n benzene against a 
pure benzene solvent background. F ig. 4.1 shows the spectrum obtained fo r 
0.70 mol dm"^ Bu^N+Cl" in benzene at 290K in a polythene windowed ce l l of 
0.021 cm pathlength. The observed band can be seen to be very broad and to 
have a half-band width of about 80 cnf^. Due to the extreme broadness of 
these fa r - i n f ra red bands, i t was very d i f f i c u l t to observe the wings of the 
bands, s ince, fo r frequencies above 220 cm ^ and below 30 cm ^ , the energy 
throughput of the interferometer is very low due to the beam-spl i t ter minima, 
lack of source in tens i ty and detector s e n s i t i v i t y . The absorption bands 
st retch over the whole useful range of the 50 gauge beam-spl i t ter , the use 
of which is necessary to maximise the energy in the region of the band 
maximum around 120 cm \ The broadness of the band causes the discrepancy bet-
ween the observed value of 115±5 cm \ fo r the frequency of maximum absorpt ion, 
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and that of Evans and Lo (48) , who measured the band centre as 120±3 c m - 1 . 
The measurements of band p r o f i l e , including computer resolut ion of overlapping 
bands, deta i led in chapter 5, indicate that the band centre appears to be 
at 115 cm 1 . 
Attempts were made to record the spectrum of Bu^N+Cl in benzene, 
using various beam-spl i t ter and f i l t e r combinations, to observe portions of 
the band under optimised condi t ions. The major i ty of the band, from 50 to 
200 cm" 1 , was observed easi ly by the use of a 50 gauge beam-spl i t ter and a 
black polythene f i l t e r as described previously. The high frequency wing, 
between 150 and 350 cm" 1 , was observed by using a 25 gauge beam-spl i t ter . 
The low frequency wing, below 50 cm 1 and down to 30 cm" 1 , was observed by 
using a 100 gauge beam-spl i t ter and a c rys ta l l i ne quartz f i l t e r . The 100 
gauge and 25 gauge spectra cover such a small proport ion of the overal l band, 
that they are of l i t t l e use when obtained alone. Attempts to j o i n up spectra 
recorded with various beam-spli t ters were unsuccessful, as the absorbance 
spectra often disagreed by between 5 and 10% at the overlap frequencies. 
These discrepancies suggested that the errors on the absorbance values may 
be as high as ±5%;whereas the precision of the transmission values fo r the 
backgrounds has already been shown to be ±1%. For prel iminary resul ts using 
a cooled detector see section 2.14. 
The attempts to observe the whole band were thus unsuccessful, 
and the 50 gauge beam-spl i t ter spectrum was taken as the best spectrum 
obtainable using d i e l e c t r i c beam-spl i t ters. The use of a polar is ing g r id 
beam-spl i t ter would enable spectra to be recorded over a number of octaves 
of frequency in the region 2 to 250 cm" 1 , since these beam-dividers do not 
re ly upon th in f i l m in ter ference, with i t s consequent hooping, fo r t he i r 
operat ion. 
4.2.1 Ef fect of concentration on the spectra 
An extensive concentration study of the broad band centred at 
115 cm 1 was made fo r Bu z lN +Cl" in benzene so lu t ions. The primary in te res t 
of th is study was to determine the e f f ec t of concentration of the added 
sa l t on the in tens i ty of the absorption. The area under the absorption 
spectrum as produced by programme GPL0T3 was measured by the use of a 
planimeter. The programme GPL0T3 produces a natural logarithm absorbance 
scale with a frequency scale l inear in wavenumber, and hence the area under 
the absorption curve w i l l be; 
A r e a = W n < V T > v - 6 5 
A i - W W - 6 5 
The constant in tens i t y , f o r the i t h . band, can be calculated as 
( re f . 54, chap. 10); 
B i = V c A . / ^ l n d ^ T J - . f i v 
B. = A r e a / a 4.2 
where c^ is the concentration of the absorbing species in mol 
_3 
dm , and I is the pathlength in cm. 
3 -1 -2 
The units of the in tens i t y are thus dm mol cm . See chapter 7 fo r 
a discussion of the v a l i d i t y of in tens i ty calculat ions in the f a r - i n f ra red 
using eqns. 4.1 and 4.2 . 
The area under the absorption curve was also determined by the 
use of a simple in tegrator programme DCH0512. The programme u t i l i s e s the 
d i g i t a l transmittance/frequency output from programme FTRAN4, and computes 
the area by simple summing of the incremental areas beneath the absorption 
curve, bordered by the frequency in terva l of the input t ransmit tance/ f req-
uency data. The two areas calculated for a given band are represented in 
the fo l lowing tables as 'planimeter area' and 'computed a rea ' . The two 
areas are averaged and the in tens i t y calculated using eqn. 4 .2 . 
As can be seen from f i g . 4.1 the absorption curve does not 
drop to zero in the wings of the Bu^N+Cl in benzene band. This is possibly 
due to the f u l l wings of the band not being observed, due to the res t r i c t i ons 
of the th in d i e l e c t r i c f i l m beam-split ters as already described. There is 
also the fur ther p o s s i b i l i t y that bands of half-band width even greater than 
n o 
80 cm \ l i e under the observed band. In order to make allowance for such 
bands, i t was necessary to provide a baseline fo r the bands, so that the 
area could be res t r i c ted to that under the band in question. The f i x i n g of 
a baseline for these bands was very d i f f i c u l t , due to t he i r extreme broad-
ness. There was the added complication that the wings of the band were 
possibly not being observed. This prevented an accurate baseline being 
interpolated between the wings. The s i tua t ion was fu r ther complicated, since 
the presence of underlying bands w i l l necessitate a curved baseline. The 
accurate f i x i n g of the baseline was c lear ly impossible under the present 
circumstances, where the half-band width of the underlying band was as large 
as the useful frequency range of the beam-spl i t ter . 
Clear ly , the s i tua t ion had to be s imp l i f i ed before any useful 
work could be accomplished. This s imp l i f i ca t i on was made by assuming that 
the baseline was l i nea r . The programme DCH0512 constructs a s t ra igh t l i ne 
between the absorbance values for the lowest and highest frequency l i m i t s 
set by the control parameters. These l im i t s were determined by inspection 
of the l i nep r i n te r output of the rat ioed transmittance spectrum. Termination 
of the band was assumed to have occurred when a maximum occurred in the 
transmittance values, or when the noise in the wings was predominant, 
ind icat ing that no useful areas would ensue. In the in tens i ty work fo r 
Bu^N+Cl" in benzene, both the low frequency and high frequency l i m i t s 
were determined by the noise level in the wings. When using the planimeter 
fo r measurements of the area under the bands, the baselines were f i t t e d 
by comparison between spectra at various concentrat ions, in an e f f o r t to 
gain some consistency. A great deal of care was taken in the f i x i n g of the 
basel ine, and those used were always the 'best ' that could be achieved. 
Although the i n a v a i l a b i l i t y of the f u l l wings of the bands precluded the 
ca lcu lat ion of accurate in tens i ty values, the in tens i t y values obtained 
should show consistency and reasonable prec is ion, and should therefore 
indicate well the re la t i ve in tens i ty changes occurr ing. 
In an e f f o r t to test the v a l i d i t y of the baseline f i t t i n g 
method a precision check was conducted. Five separate solut ions of 0.5 mol 
dm ^ Bu^N+Cl in benzene were made up, and then four spectra recorded fo r 
each so lu t ion , the ce l l being r e f i l l e d fo r each spectrum. A pure solvent 
background was recorded fo r each so lu t ion . The spectra were recorded using 
0.021 cm pathlength, 3 mm polythene windowed, demountable c e l l s , and a 50 
gauge beam-spl i t ter and 50 ym black polythene f i l t e r . 1024 po in t , double-
sided interferograms were recorded with a path-di f ference sampling in terva l 
of 8 ym, giving an experimental resolut ion of about 2.6 cm" 1 , as described 
in chapter 3. The 'computed' and 'planimeter' areas were measured, as detai led 
above, fo r each of the 20 spectra. These areas are shown in table 4 . 1 , 
together wi th the average of the two areas. The average areas were then 
treated s t a t i s t i c a l l y to give a mean area, and a root mean square dev ia t ion. 
No weighting factors were employed in the ca lcu lat ion of the mean, which was 
found to be 132.8 cm" 1 . The root mean square deviat ion a was calculated by 
the formula ( re f . 55, p. 40): 
a = { l / ( n - l ) z £ = 1 ( x s - x ) M 4.3 
where n is the number of observations x s , and x is the mean value. 
Use of eqn. 4.3 gave a standard deviat ion of 22 cm" 1 , which, when expressed 
as a percentage of the mean value, to give the coe f f i c i en t of va r i a t i on , 
was 17%. The large value fo r th is coe f f i c i en t of var ia t ion was considered 
to be a d i rec t consequence of the d i f f i c u l t i e s experienced with the f i t t i n g 
of baselines as discussed previously. These precision values were only 
s t r i c t l y true fo r 0.5 mol dm"^ Bu^N+Cl in benzene solut ions in 0.021 cm 
pathlength c e l l s . However, since most of the inaccuracies were produced by 
the f i t t i n g of the basel ine, which w i l l presumably cause the same problems 
regardless of concentrat ion, a precision of ±22 cm"1 was used as the possible 
er ror on a l l area measurements. The er ror bars on a l l the concentrat ion/ 
area graphs indicate the precision of ±22 cm 1 in the areas. The standard 
deviat ion was chosen as an ind ica t ion of prec is ion, rather than the coe f f i c i en t 
Table 4.1 Precision tests fo r 0.5 mol dm" 3 Bu^N+Cl" in benzene 
(L = 0.021 cm, T = 293K) 
soln. no. cone. area 
'computed' 'planimeter ' 'average' 
_3 
/mol dm /cm"
1 /cm" 1 /cm" 1 
1 0.500 99.9 104.1 102.0 
116.2 121.4 118.8 
129.5 157.3 143.4 
101.1 130.5 115.8 
2 0.498 118.1 117.3 117.7 
136.3 140.1 138.2 
164.9 170.9 167.9 
159.8 169.2 164.5 
3 0.498 118.0 143.2 130.6 
164.4 140.7 152.6 
168.3 125.3 146.8 
167.0 142.9 154.9 
4 0.498 137.0 150.0 143.5 
152.5 151.9 152.2 
136.5 138.2 137.4 
147.1 150.7 148.9 
153.6 141.6 147.6 
5 0.506 101.1 95.5 98.3 
89.3 91.4 90.3 
97.6 118.1 107.9 
97.6 120.7 109.1 
of va r i a t i on , since i t was considered that the lack of precision was due 
mainly to baseline f i t t i n g e r ro rs , which are not af fected by concentrat ion. 
Table 4.2 shows the measured areas and calculated in tens i t i es 
fo r 20 solut ions of Bu^N+Cl~ in benzene fo r concentrations between 0.2 mol 
-3 -3 dm and the s o l u b i l i t y l i m i t 1.4 mol dm . The spectra were a l l recorded 
using a 0.3 cm polythene windowed demountable ce l l of 0.021 cm pathlength, 
with a 50 gauge beam-spl i t ter and 50 ym black polythene f i l t e r . 1024 po in t , 
double-sided interferograms were recorded with an 8 urn path di f ference 
sampling i n t e r v a l , g iv ing an experimental resolut ion of 2.6 cm ' . The 
temperature was monitored and was found to be 290±2K fo r a l l runs. To obtain 
the best spectra possible in the minimum time the fo l lowing procedure was 
adopted. F i r s t l y the instrument was pumped down and a background of pure 
benzene solvent was recorded. The vacuum was then broken, and the ce l l 
r e f i l l e d wi th thsBu^N +Cl" in benzene so lu t ion . Two runs were then performed 
on th is so lu t ion , and then the ce l l was r e f i l l e d with solvent and two more 
backgrounds recorded. The use of th is technique halved the time spent 
evacuating the instrument, and yet gave a dupl icate run fo r each concentration 
to act as a simple consistency check. Accurate in tens i t i es were calcu lated, 
since the sample and background interferograms were recorded one a f t e r the 
other. One of the spectra fo r each concentration had the background recorded 
f i r s t , and the other the sample f i r s t . This had no e f fec t on the rat ioed 
spectrum. 
I f a number of sample interferograms were recorded, and rat ioed 
against a single background, then the noise in the computed spectrum tended 
to increase with the elapsed time between the recording of the sample and 
background interferograms. Thus, except where otherwise s ta ted, fo r a l l the 
spectra shown the corresponding background and sample interferograms were 
recorded one a f te r the other. However, the recording of a background i n t e r -
ferogram fo r each sample introduces as much noise in to the rat ioed spectrum 
as does the sample interferogram i t s e l f . In fac t the noise for the background 
Table 4.2 Concentration dependence for the in tens i ty of the 115 cm 
band for B u ^ C l " in benzene 
4 
(L = 0.021 cm, T = 290K) 
cone. area intensi ty 
a b 
'planimeter ' 'computer' 'average' 'average' B 
/mol dm " 3 /cm" 1 /cm 1 /cm 1 /cm 1 3 -1 -2 /dm mol cm 
0.21 13.4 13.4 
20.2 20.2 16.8 3850±5040 
0.25 53.1 50.0 51.5 51.5 9830±4230 
0.30 54.1 65.5 59.8 59.8 9630±3540 
0.34 74.9 90.1 82.5 82.5 11580±3110 
0.35 46.5 46.1 46.3 
49.6 41.4 45.5 45.9 6310±3020 
0.40 108.0 101.8 104.9 
66.7 93.7 80.2 
76.6 102.2 89.4 
75.2 104.9 90.1 91.2 11020±2640 
0.42 62.3 61.9 62.1 
55.7 61.7 58.7 60.4 6860±2520 
0.46 160.6 148.5 154.4 154.4 16090±2300 
0.51 166.9 165.9 166.4 166.4 15780±2070 
0.52 154.2 146.4 150.3 
153.6 146.1 149.8 150.0 13870±2030 
0.55 191.6 193.6 192.6 192.6 16810±1920 
0.60 220.4 211.5 215.9 215.9 17210±1760 
(continued) 
Table 4.2 (continued) 
area 
cone. ' \ ) lanimeter' 'computer' 'average' 'average' in tens i ty 
-3 
/mol dm /cm
 1 /cm" 1 / cm ' 1 /cm" 1 3 -1 -2 /dm mol cm 
0.66 224.8 213.6 219.2 
138.7 181.1 159.9 
119.4 149.9 134.6 
169.2 206.3 187.8 175.4 12760±1600 
0.70 186.1 209.7 197.9 
197.7 197.6 197.6 197.7 13580±1580 
0.71 243.3 232.0 237.6 237.6 16110±1490 
0.75 243.3 239.3 241.3 241.3 15430±1410 
0.80 209.8 234.0 221.9 221.9 13300±1320 
0.86 219.6 240.1 229.8 229.8 12910±1230 
1.04 298.9 298.9 
294.0 294.0 296.5 13710±1020 
1.40 347.4 347.4 
358.6 358.6 353.0 12120±760 
average area per spectrum, 
average area per concentrat ion. 
was sometimes greater than that fo r the sample, since the interferometer 
optics were optimised fo r the absorption of the sample, rather than that of 
the background. For the Bu 4N +Cl~ in benzene spectra the 50 gauge beam-
s p l i t t e r gave an energy maximum at 117 cm \ which was ideal fo r the band 
at 115 cnf^. However, the energy avai lable in the region of the 75 cnf^ 
band fo r the pure benzene (see chapter 5) solvent background was very low, 
and the spectrum in th is region was noisy. The rat ioed spectrum thus exhibi ted 
the noise from the background, especial ly at low frequencies. 
The best rat ioed spectra could presumably be obtained by recording 
a single background, using a very long Golay ampl i f ie r time constant to 
decrease the noise l e v e l . This could then be used as a background for a l l 
the sample tapes, which would be recorded with the usual time constant of 
0.5 seconds. Spectra thus recorded would show the ef fects of d r i f t i n g of the 
source, which is a problem in in ter ferons t r y . The decrease in noise level 
of spectra recorded using the more stable German 'Or ig inal Hanau1 source 
lamps, in preference to the Phi l ips lamps, indicated that the system was in 
fac t souce noise l im i ted (see chapter 1 ) . This suggested that even the new 
sources were re l a t i ve l y unstable, and some experimental evidence supports th is 
hypothesis. Although source d r i f t i n g was not noticeable during the running 
of a single interferogram, over a f u l l days runs the interferogram signal 
gradually decreased for a given sample. This indicated that there may well 
have been some long-term source d r i f t , the source becoming less intense as 
i t was run fo r long periods. Hence i t was considered that the most accurate 
in tens i t y values would be obtained by running a background and sample i n te r -
ferogram, one immediately a f t e r the other, with the same time constants. 
This procedure was employed throughout the concentration studies. 
Returning to the Bu4N+Cl in benzene studies, the solut ions fo r 
_3 
concentrations near the s o l u b i l i t y l i m i t of 1.40 mol dm were very viscous 
and d i f f i c u l t y was experienced in forc ing the solut ions through the narrow 
ports of the demountable c e l l . These concentrated Bu,N+Cl in benzene solut ions 
tended to occlude s i gn i f i can t l y to the polythene windows, even over the 
50 minute period necessary fo r the instrument to be pumped down and the 
interferogram recorded. The observed in tens i ty values fo r the more concen-
t rated solut ions were therefore possibly less than the real values. No 
_3 
resul ts suggested that there was s ign i f i can t occlusion below 1.0 mol dm 
B u ^ C l in benzene. No spectrum of the sa l t was observeable when the ce l l 
was emptied and the spectrum of the polythene plates recorded. 
Fig. 4.2 shows a p lo t of the area of the 115 cm - 1 band against 
the concentration of added sa l t fo r Bu^N+Cl in benzene using the data of 
table 4 .2 . The average area was p lot ted wi th an error bar of ±22 cm" 1 . The 
values of 'planimeter ' and 'computer' areas were fed in to the programme 
BEERSLAW to determine the 'best ' s t r a i g h t l i ne through a l l the data points . 
This programme involves a l inear least squares analys is , to determine the 
slope of the 'best ' s t ra igh t l i n e , and also computes the standard deviat ion 
i 
of the pohts about th is 'best ' slope l i ne and the in tercept of the l i ne 
wi th the o r i g i n . Using th is programme, and taking the o r i g in as a va l id 
po in t , the data of table 4.2 gave a best s t ra igh t l i ne of slope = 272±7 
3 -1 -1 
dm mol cm , which is represented in f i g . 4.2 by the l e t t e r A. On d iv id ing 
by the pathlength of 0.021 cm the in tens i t y was calculated as 13000±300 
3 -1 -2 
dm mol cm . When the area data was employed without the r e s t r i c t i o n 
3 -1 -1 
that the o r i g in was a va l id po in t , a slope of 310±16 dm mol cm and an 
in tens i t y of 14 900±800 was obtained. The intercept was calculated as -26±31 
cm 1 which suggested that the best f i t fo r the data would be through the o r ig 
The higher in tens i t y without the r e s t r i c t i o n that the o r i g in was a va l id 
po in t , suggested that Beers Law was not being obeyed fo r the system Bu^N+Cl 
-3 
in benzene at concentrations between 0.2 and 1.4 mol dm . A l l the area 
values were above the Beers Law l inear p lo t through the o r i g i n , and th is 
suggested that the l inear re la t ionship was not being obeyed. To ve r i f y th is 
the in tens i ty values have been calculated for each Bu^N +cl" concentrat ion, 
and are shown in table 4 .2 . F ig . 4.3 shows a p lo t of i n tens i t y B. against 
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concentration of Bu 4 N + Cl" . Note that the in tens i ty values fo r the I.04 and 
1.40 mol dm concentrations were suspect because the area under the 
absorbance curve was too large fo r p lo t t i ng using GPL0T3, and subsequent 
measurement with a planimeter. These in tens i t i es are label led c in f i g . 4.3 
_3 
and table 4 .2 . S imi lar ly the in tens i ty of the 0.21 mol dm concentration 
was suspect because the area was too small to be measured by the planimeter. 
This in tens i ty is label led b in f i g . 4.3 and table 4.2. 
F ig. 4.3 shows that the in tens i ty gradually r ises between 0.2 
_3 
and 0.8 mol dm and gives conclusive evidence that Beers Law does not hold 
over th is concentration range fo r Bu4N+Cl in benzene. The error bars were 
constructed assuming a constant precision fo r the measured area as discussed 
previously. The precision of the B.. values increased with concentrat ion, 
since the B.. value was obtained by d iv id ing the area by the concentration. 
Spectra were also obtained for various concentrations of Bu 4N +Cl" 
in benzene using 0.010, 0.0517, 0.1023 and 0.2053 cm pathlengths. The areas 
and in tens i t i es fo r the 115 cm ^ band were obtained as described previously, 
and are shown in table 4.3. The f igures show a de f i n i t e r i se in the in tens i ty 
wi th concentrat ion, which is most marked in the low concentration range 
_3 
between 0.05 and 0.3 mol dm . F ig. 4.4 shows the in tens i t y values fo r a l l 
the Bu4N+Cl concentrations run, at a l l pathlengths. The in tens i t i es fo r 
_3 
0 .21 , 1.04 and 1.40 mol dm concentrations have been omitted fo r the reasons 
-3 
previously given. Over the concentration range 0.05 to 1.20 mol dm the 
115 cm"^ band for Bu 4N +Cl~ in benzene was thus observed not to obey Beers 
3 -1 -2 
Law. The in tens i ty B^  changed from approximately 8 000 dm mol cm at 
-3 3 -1 -2 -3 0.05 mol dm to approximately 20 000 dm mol cm at 1.2 mol dm . 
The non-adherance to Beers Law, which would be expected to be 
va l id i f the absorbing species remained the same regardless of the concen-
t r a t i on of the species in the so lu t ion , leads to some conclusions regarding 
the breaking-up of aggregates on d i l u t i o n . In an ion aggregate each cation 
is presumably surrounded by a number of anions, and each anion by a number 
Table 4.3 In tens i ty values fo r the 115 cm 1 band of Bu^N+Cl in benzene 
using 0 .01 , 0.0517, 0.1023 and 0.2053 cm pathlengths 
(T = 290K) 
cone. area average area in tens i ty .B 
/mol dm /cm 1 /cm 1 3 -1 -2 /dm mol cm 
0.010 cm pathlc jngth 
1.02 256.6 
234.6 245.6 24000±2150 
1.20 260.8 
227.6 244.2 20330±2150 
0.0517 cm pathlength 
0.10 52.5 52.5 10310±4320 
0.15 71.0 71.0 8970±2780 
0.21 94.3 94.3 8880±2070 
0.25 128.5 128.5 9870±1690 
0.30 149.0 149.0 9610±1430 
0.34 206.6 206.6 11617±1240 
0.1023 cm path ength 
0.05 31.8 
31.3 31.5 6410±4480 
0.09 55.9 
58.2 57.1 6160±2380 
0.10 73.5 73.5 7290±2180 
0.20 154.6 
153.1 153.8 7520±1080 
0.2053 cm path length 
0.05 120.0 
116.5 118.2 12000±2230 
0.09 154.7 
145.1 149.9 8070±1180 
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of cat ions. Thus i f an absorption is due to v ib ra t ion of ion pa i r s , then 
the to ta l in tens i ty fo r an aggregate w i l l be the sum of the absolute 
in tens i t i es fo r a l l of the possible cation-anion v ib ra t ions . For a small 
aggregate there are fewer possible cation-anion v ib ra t ions , than fo r a 
large aggregate, and even though there are more such smaller aggregates 
present, the to ta l i n tens i t y from a l l aggregates w i l l be less than that 
from the o r ig ina l large aggregate. Consider 4 ion pairs in an aggregate 
arranged in the form of a cube (see f i g . 4 . 5 ) . For the cube with an ion at 
every corner there are 12 cation-anion v ib ra t ions , represented by the edges 
of the cube. I f th is aggregate is then s p l i t in to 2 then 2 ion quadrupoles 
ex is t arranged as squares. Each side of the squares represents a cat ion-
anion v ib ra t ion and so there are 4x2 = 8 such v ib ra t ions . I f each of the 
ion quadrupoles then s p l i t s up, then 4 ion pairs are present, which have 
a to ta l of only 4 cation-anion v ib ra t ions . Thus i f an aggregate is breaking 
up on d i l u t i o n , then the experimental i n tens i t y B i would be expected to f a l l . 
This is exactly what was seen in pract ice fo r Bu4N+Cl in benzene, and so 
i t may be concluded that the size of the aggregate depends upon the concen-
t r a t i on of the Bu^N +Cl - sa l t in the benzene so lu t ion . 
I f the d i l u t i o n process is continued there w i l l presumably come 
a time when only ion pairs are present in the so lu t ion , and when fu r ther 
d i l u t i o n w i l l have no e f fec t on the in tens i t y of the band, providing that 
the species giv ing r i se to the absorption is a non-solvated ion pa i r . I t is 
unfortunately impossible to study the 115 cm 1 band for Bu^N+Cl in benzene 
_3 
at concentrations below 0.5 mol dm , because of the long pathlengths which 
become necessary fo r the observation of the absorption. I t should be noted 
here that the low-frequency ' c o l l i s i o n a l ' absorption of the benzene solvent 
(see chapter 5) has been removed by ra t io ing against the same pathlength 
of pure benzene. The in tens i t y fo r th i s ' c o l l i s i o n a l 1 band for pure benzene 
3 -1 -2 
has been found to be approximately 43 dm mol cm (see chapter 6 ) , and 
hence for a pathlength of 0.2 cm the pure benzene absorption w i l l have an 
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integrated area of 97 cm 1 , assuming the density of benzene to be 877 mol 
-3 3 -1 -2 dm (56). Taking an in tens i ty B.. of 8 000 dm mol cm fo r the aggregate 
band, which is reasonable according to f i g . 4 .4 , an integrated area of 
80 cm 1 was calculated fo r a 0.05 mol dm - 3 so lut ion of Bu^N+Cl" in benzene. 
Hence the band being rat ioed out was more intense than the band under 
inves t iga t ion , and very noisy spectra r e s u l t . This was especial ly so to 
low frequency, where the interferometer optics were not optimised and there 
is subsequently very l i t t l e energy, as discussed previously. Thus the lower 
concentration l i m i t fo r invest igat ion of the 115 cm 1 band fo r the system 
Bu^N+Cl in benzene was 0.05 mol dm 3 when using the Golay ce l l fo r detection 
of the rad ia t i on . Use of a cooled germanium bolometer as a detector in 
conjunction with a po lar is ing beam-divider should enable concentrations 
approaching those where only ion pairs ex is t to be examined. As an ind icat ion 
of the noise problem encountered for d i l u t e so lu t ions, when using a Golay 
detector, f i g . 4.6 shows the spectrum of 0.048 mol dm - 3 Bu 4N +Cl" in benzene, 
obtained using a 0.3 cm polythene windowed demountable ce l l of 0.2053 cm 
pathlength and a 50 gauge beam-spl i t ter . The resolut ion is again 2.6 cm" 1 . 
The low frequency ha l f of the spectrum was seen to be very noisy due to the 
ra t io ing out of the benzene co l l i s i ona l absorption. 
4.2.2 Ef fect of water on the spectra 
The large inaccuracies fo r the in tens i t i es of some of the 
Bu^N+Cl in benzene solut ions prompted a study of the e f f ec t of the presence 
-3 + -
of water in the so lu t ions. F i r s t l y a solut ion of 0.5 mol dm Bu^N CI in 
benzene was made up and immediately s p l i t in to two por t ions. 4 spectra were 
recorded fo r one of the so lu t ions, and the second solut ion was kept over 
molecular sieves for 2 days, before 4 spectra were l ikewise recorded. The 
average for 'computer' and 'planimeter ' areas was determined fo r each 
spectrum, and then an average over the 4 spectra calculated. For the 
solut ion kept over molecular sieves the integrated area was 138.6 cm" 1 , and 
for the so lut ion recorded immediately th is was 135.7 cm 1 . The areas were 
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not s i gn i f i can t l y d i f f e r e n t , in the l i g h t of the precision of the measure-
ments being ±22 c m " \ and thus i t was concluded that there was no water in 
the so lu t ions, which could be removed by the use of molecular sieves. 
However, i t is possible that the molecular sieves would not remove t i g h t l y 
bound water, which would s t i l l a f fec t the absorption character is t ics of 
the so lu t ion . 
As the Bu^N+Cl sa l t is deliquescent, and no special precautions 
were made to exclude water when the solut ions were made up, apart from the 
making up of the solut ions as quickly as possible, then i t is probable 
that a l l the solut ions contained a small amount of water. Karl-Fischer 
t i t r a t i o n s were used to monitor water concentrations in the so lu t ions , and 
the amount of water was found to be only 0.1 to 0.2% by weight. The Kar l -
Fischer t i t r a t i o n s were extremely d i f f i c u l t to perform, presumably because 
the solut ions were very viscous and had low conduc t i v i t i es , thus making the 
electrochemical end-point very d i f f i c u l t to detect . 
Further tests were made to discover the e f fec t on the 115 cm ^ 
_3 
band, by adding small quant i t ies of water to a so lut ion of 0.8 mol dm 
Bu^N+Cl in benzene, and then recording the spectra. D i s t i l l e d water was 
added from a micro-syr inge, and so the volume added was approximately known. 
The water content of these solut ions was monitored by Karl-Fischer t i t r a t i o n s , 
and the water content measured by th is means was found to t i e in well with 
the volume measured from the syr inge. This tended to indicate that the Kar l -
Fischer method was giv ing f a i r l y accurate values fo r the water content, and 
fu r ther suggested that very l i t t l e water was so t i g h t l y bound that i t was 
not detectable by a Karl-Fischer t i t r a t i o n . Two spectra were recorded fo r 
each water concentrat ion, using a 0.021 cm pathlength c e l l , and the resu l t ing 
integrated areas fo r the 115 cm"^ band are shown in table 4 .4 . The area 
given is the average fo r 'computer' and 'planimeter ' areas fo r the two 
spectra at the given concentrat ion. These resul ts are shown graphical ly 
in f i g . 4 .7 , and i l l u s t r a t e that no s ign i f i can t in tens i t y changes occurred 
Table 4.4 Ef fect of water concentration on the area of the 115 cm 
+ 
band fo r Bu-N CI in benzene 
(T = 290K, L = 0.021 cm) 
volume added water content band area 
water (Karl-Fischer) 
/% /% /cm 1 
— 0.16 210 
0.1 0.38 198 
0.2 0.44 193 
0.5 0.73 197 
1.0 1.19 197 
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for the 115 cm~^ band, even when 1% of water was added. The only noticeable 
e f fec t of the water on the spectrum in the 20 to 250 cm ^ region was the 
general increase in absorption over the whole frequency range, and the 
gradual r i se in absorbance above 200 cm ^ as was observed for pure l i q u i d 
water (see chapter 5 ) . Addit ion of water to the solut ions made l i t t l e 
di f ference to the in tens i ty of the 115 cm ^ band, and hence i t was assumed 
that the small amounts of water absorbed in the sa l t as the solut ions were 
made up had l i t t l e e f f ec t on the spectra also. 
As f i na l proof some samples of the sa l t were dr ied by heating 
to about 353K, under vacuum to pump the water o f f . These attempts produced 
a f ine white powder (s imi la r in physical appearance to tetra-n-butylammonium 
perch lorate) , which would not dissolve in benzene. I t was thus concluded 
that the crysta l structure or composition had been changed in the drying 
process. I t i s possible that small amounts of water have to be present in the 
sa l t before i t w i l l d issolve. However, the above studies have given an 
ind icat ion that small amounts of water contained in the sa l t have no e f fec t 
on the in tens i t y of the 115 cm ^ band. 
4.2.3 Time dependence of the spectra 
I t was thought that some of the inaccuracies in the computed 
in tens i ty values could have been due to the 115 cm~^  band showing a time 
dependence. A solut ion of 0.5 mol dm"^ Bu^N+Cl in benzene was made up, and 
a sample quick ly inserted in to a 0.021 cm demountable ce l l with polythene 
windows. The instrument was quickly pumped down and interferograms were 
recorded continuously fo r a period of 5 hours. In th is time 8 double-sided 
interferograms were recorded, each wi th 1024 points at an 8 ym path di f ference 
sampling i n t e r v a l . A pure benzene interferogram was then recorded, and used 
as a background fo r the computation of the 8 spectra. The resu l t ing integrated 
areas for the 115 cm"^ band are shown in table 4 .5 , the time quoted being 
the mean time of recording fo r the corresponding interferogram. I t can be 
easi ly seen that the absorption was constant from a f te r 0.5 hours un t i l 5 
Table 4.5 Short-time dependence of the area of the 115 cm band fo r 
Bu^N+C1 in benzene 
(T = 292K, L = 0.021) 
time band area 
/hours /cm" 1 
0.66 152.6 
1.33 147.6 
1.99 146.8 
2.66 148.9 
3.33 154.9 
3.99 138.2 
4.66 143.5 
5.33 152.2 
hours a f te r making up the so lu t ion . 
The solut ion was then run once a day fo r 5 days, a benzene 
background being recorded fo r each spectrum, to determine i f any changes 
in absorption occurred over a longer per iod. The areas obtained are shown 
in table 4 .6 , and since the precision of the measurements was only ±22 cm ^ 
then these areas indicate that the 115 cm~^ band shows no var ia t ion with 
time outside the precision of the measurements. 
4.2.4 Ef fect of temperature on the spectra 
The e f fec t of temperature was studied using the Beckman-RIIC 
L td . variable temperature package as described in chapter 2. In th is study 
the sample tapes were a l l recorded using one f i l l i n g of the c e l l , and the 
temperature varied over the whole range of i n te res t , s ta r t i ng at the 
lowest temperature and gradually increasing. The backgrounds were then 
recorded s i m i l a r l y . This procedure allowed matching of the sample and 
background temperatures to w i th in approximately IK, and since the changes 
in in tens i ty produced by th is temperature di f ference are smaller than those 
involved in measuring the integrated area, then th is method of recording does 
not a f fec t the resul ts obtained. 
-3 
A prel iminary temperature study was made with 0.70 mol dm 
Bu 4N +Cl" in benzene at 293, 313 and 333K, using a 0.021 cm pathlength ce l l 
with polythene windows. The spectra showed very l i t t l e change over th is 
_3 
temperature range, as can be seen from table 4 .7 . The 0.70 mol dm solut ion 
was also cooled to 253K and the spectrum of the frozen solut ion recorded. 
The in tens i ty fo r the frozen solut ion band was s l i g h t l y larger than that fo r 
the l i qu id so lu t ion , but the band was now much sharper. The half-band width 
fo r the l i q u i d was 66 cm"^ and fo r the frozen so lut ion was 32 cm ^ (see 
section 4.2.5 fo r a discussion of the so l id so lut ion spect ra) . 
A more comprehensive study of the e f fec t of temperature was 
* -3 + 
undertaken using 0.252 mol cm Bu^N CI in benzene in a 0.021 cm pathlength 
c e l l . The study was conducted from j u s t above the melting point of the 
U2> 
Table 4.6 Long-time dependence for the area of the 115 cm"1 band 
for Bu^N+C1~ in benzene 
(T = 292K, L = 0.021 cm) 
time band area 
/hours / c m - 1 
24 138.2 
48 143.4 
72 130.6 
96 160.4 
120 148.7 
Table 4.7 Preliminary values fo r the e f fec t of temperature on the 
in tens i ty of the 115 cm 1 band for Bu^N+Cl in benzene 
(L = 0.021 cm, c = 0.252 mol dm" 3) 
temperature band area band in tens i t y half-band 
width 
/K /cm" 1 3 -1 -2 /dm mol cm /cm" 1 
293 100.1 7150 60 
313 95.8 6850 64 
333 97.2 6900 66 
253 109.0 7800 32 
us 
solut ion at 279K to j u s t below the bo i l ing point a t 349K. F ig . 4.8 shows 
typical spectra fo r 0.252 mol dm"3 Bu 4N +Cl" in benzene at 294, 318, 334 
and 349K, using a 0.021 cm pathlength. The resolut ion in these spectra was 
the usual 2.6 cm" 1 . The resul ts of th is temperature study are shown in 
table 4.8 and graphical ly in f i g . 4 .9 . These resul ts showed that the in tens i ty 
began to r i se f a i r l y steeply as the bo i l i ng point of the so lut ion was 
approached. 
I f the absorbing species was beginning to break up wi th increas-
ing temperature, as would be expected from the more rapid movements w i th in 
the aggregate l a t t i c e , then the in tens i ty would be expected to decrease 
in a s imi la r fashion to that observed upon d i l u t i o n . However th is e f fec t 
could possibly be masked by a second e f f e c t . When the temperature was 
increased the amplitude of v ib ra t ion giving r i se to the absorption would 
be expected to increase, and hence the change in dipole moment occurring 
during the v ib ra t ion would increase. The in tens i t y of an absorption is 
proport ional to the square of the dipole moment change with respect to the 
normal coordinate fo r the associated v i b ra t i on , and hence the in tens i ty 
would be expected to increase with increasing temperature. The invariance 
of in tens i ty wi th temperature between 279 and 328K could indicate that the 
d i l u t i o n e f f ec t was decreasing the number of absorbing species, but that 
th is decrease was being balanced by an increase in the v ibra t iona l amplitude 
fo r the v ibrat ions w i th in each absorbing species. Above 328K the increase 
in v ibrat ional amplitude presumably became the dominant fac to r . 
4.2.5 Solid solut ion spectra 
I t can be seen from f i g . 4.1 that the 115 cm 1 band was asymm-
e t r i c to low frequency. I f the band was s p l i t in to low- and high-frequency 
halves about the band centre, then the high frequency ha l f had a semi-half-
band width of about 30 cm" 1 , and the low frequency ha l f had a semi-half-band 
width of about 50 cm 1 . In order to invest igate the p o s s i b i l i t y of there 
being two bands in th is region i t was decided to cool the so lu t ion , hoping 
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Table 4.8 Ef fect of temperature on the in tens i t y of the 115 cm band 
fo r Bu^N+C1 in benzene 
-3 
(concentration = 0.252 mol dm , L = 0.021 cm) 
temperature a area in tens i ty
1 3 
/K /cm* 1 3 -1 -2 /dm mol cm 
279 47.2 8 920 
285 44.3 8 370 
289 48.6 9 180 
294 43.0 8 130 
299 46.2 8 730 
304 48.6 9 180 
309 42.8 8 090 
314 52.4 9 830 
318 47.5 8 980 
323 49.8 9 410 
328 47.8 9 030 
334 54.2 10 240 
339 55.3 10 450 
344 64.7 12 660 
349 90.8 17 160 
a ±22 cm 
b ±4 120 dm3 mol" 1 cm 
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that the half-band widths would be reduced, and possibly cause the absorp-
t ions to be resolved. 
F ig . 4.10 shows the spectrum fo r the frozen solut ion of 0.70 mol 
-3 + -
dm Bu^N CI in benzene at 253K and 0.021 cm pathlength. The spectrum 
was obtained using the var iable temperature ce l l as described in chapter 
2, acetone and so l id carbon dioxide being used as coolant. 2048 po in t , 
double-sided interferograms were recorded with an 8 urn path di f ference 
sampling i n t e r v a l , g iv ing a resolut ion of approximately 1.3 cm" 1 . The 
increased resolut ion was used in a fur ther attempt to resolve out a second 
band. The band centre could be seen to be at 120 cm" 1 , which indicated 
that a s l i g h t s h i f t to higher frequency occurred upon f reez ing. The asymmetry 
to low frequency could now be pos i t i ve ly i den t i f i ed as a second band, although 
the bands were s t i l l not f u l l y resolved. The half-band width of the 115 cm - 1 
band had decreased to about 27 cm 1 in the s o l i d , from about 60 cm 1 in the 
l i q u i d so lu t ion . This indicated that the amplitude of v ib ra t ion of the mode 
giv ing r i se to the absorption had been decreased by the freezing process, 
and that the movements of the absorbing species had been local ised in the 
so l id solut ion wi th respect to the l i qu i d so lu t i on . 
-3 
Five spectra were recorded fo r the 0.70 mo dm solut ion at 
253K, and the integrated areas fo r the whole absorption in the region 20 
to 250 cm"1 were measured and the average found to be 49 cm 1 . This area 
3 - 1 - 2 -1 gave an in tens i ty = 3 400±1 500 dm mol cm i f a precision of ±22 cm 
was once again assumed on the area, and i f i t was fu r ther assumed that the 
frozen so lu t ion had the same pathlength as the l i q u i d so lu t ions . This 
3 -1 -2 
in tens i ty was considerably lower than the 13 580±1 510 dm mol cm 
_3 
obtained fo r the 0.70 mol dm solut ion at 293K, and th is once again 
re f lected the l oca l i sa t i on of the absorbing species upon cool ing. (See 
chapter 5 fo r attempts to resolve the two component bands by computer 
f i t t i n g methods.) 
On computation of these spectra i t was fu r ther noticed that a 
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doublet band arose at 403 and 416 cm 1 in the rat ioed spectrum of the frozen 
so lu t ion . This doublet is shown in f i g . 4.11 fo r 0.70 mol dm" 3 Bu^N+Cl" 
in benzene at 253K, using a 0.021 cm pathlength c e l l . The resolut ion in 
the spectrum was 1.3 cm 1 . The spectrum was obtained by ra t io ing the so lut ion 
spectrum against c r ys ta l l i ne benzene contained in the same c e l l . The 
spectrum of c r ys ta l l i ne pure benzene was also recorded at 253K and th is 
showed the doublet at 402 and 413 cm" 1 , the resolut ion being 1.3 cm" 1 . 
(See f i g . 4 .12) . The spectrum was obtained by ra t io ing 0.2 cm of c r ys ta l l i ne 
benzene against 0.1 cm of c rys ta l l i ne benzene. The area under the doublet 
was found to be 13.8 cm 1 as an average of 4 spectra, which gave an in tens i t y 
3 -1 -2 
of 12.3 dm mol cm fo r the doublet. The in tens i t y was calculated with 
respect to the benzene concentrat ion. The benzene concentration was taken 
_3 
as 11.27 mol dm calculated on the assumption that the density of benzene 
_3 
remains at 877 g dm , which is the density at 293K (56). 
This doublet has been observed at 403 and 418 cm"1 in c r ys ta l l i ne 
benzene by Hollenberg and Dows who assigned the doublet to the v 20^ e 2u^ 
benzene v i b r a t i o n , the s p l i t t i n g being due to the l i f t i n g of the degeneracy 
in the c r ys ta l l i ne material (57,58). The numbering of the assignments fo r 
the Dg^ benzene molecule fol lows that of Herzberg ( r e f . 59, pps. 118, 364 
and 365). The V ^ Q band was only observed in c r ys ta l l i ne benzene, and not 
in glassy benzene nor in the l i q u i d , where i t is apparently too weak to 
be observed. The band is formal ly forbidden in the in f rared fo r the isolated 
molecule ( r e f . 59, p. 364), but is allowed by the s i t e symmetry of the 
c r y s t a l . 
The in tens i t y of the doublet in the 0.70 mol dm" 3 Bu^N+Cl" in 
3 -1 -2 
benzene solut ion was calculated to be 8.9 dm mol cm with respect to 
the benzene concentrat ion, from an area of 2 cm" 1 . (This assumed that the 
benzene concentration was the same in the so lut ion as in pure benzene). 
The measured in tens i t y of the doublet in the rat ioed so lut ion spectrum was 
the increase in in tens i t y of th is band re la t i ve to that in pure c r ys ta l l i ne 
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benzene. This increase in intensity was thus 73%, which indicated a severe 
perturbation of this benzene mode in the crystal l ine solution, due to the 
presence of the dissolved Bu4N+Cl . The position of the doublet was not 
signif icant ly altered by the addition of the dissolved sa l t . The small 
derivative feature occurring to the low frequency side of the 402 cm ^ band 
in f i g . 4.11 showed that the band may be shifted to s l ight ly higher 
frequency in the crystall ine solution, relative to the pure crystal l ine benzene, 
but the magnitude of the sh i f t was very small. The sp l i t t ing pattern of 
this band was not altered,and hence the nature and symmetry of the benzene 
crystal was not being drastically altered by the added salt in the crystal l ine 
solution. The intensity perturbation is an electronic effect caused by 
changes in the transit ion moment for the vibration (see chapter 7 for 
discussion). 
The intensity of the doublet was found to be very sensitive 
as to the mode of preparation of the crystal l ine sample at the required 
temperature. The intensity of the doublet in the 'crash cooled' crystal l ine 
sample was much less than that for a crystal l ine sample, where the temper-
ature had been decreased slowly. Consequently a l l the solid solutions were 
cooled slowly in an ef for t to ensure consistent sample c rys ta l l i n i t y . The 
effects on the far- infrared la t t ice spectrum produced by di f fer ing methods 
of sample preparation have previously been observed by Harada and Shimanouchi 
for crystal l ine benzene (60). The slow cooling was achieved by careful use 
of the Beckman-RIIC Ltd. temperature controller uni t . The cell was f i l l e d 
with solution at room temperature5and then placed in the mounting block, 
and the interferometer evacuated. The reservoir was then par t ia l ly f i l l e d 
with acetone. Small pieces of solid carbon dioxide were then added to cool 
the cell down, the temperature being monitored continually, and the amount 
of solid carbon dioxide added being suf f ic ient to decrease the temperature 
of the cell by about IK per minute. The temperature control unit was set to 
253K and the heating coils were switched on when the temperature reached 
254K. Solid carbon dioxide was then added to bring the temperature down to 
253K, the amount added being increased to ensure that solid carbon dioxide 
was present when the required temperature of 253K was reached. The whole 
cooling procedure took about 1 hour for each sample. 
This d i f f i cu l t y with non-uniformity of the samples precluded 
the study of the effect of the Bu^N+Cl~ salt concentration in the solid 
benzene solutions on the intensity of the V^Q doublet, since the doublet 
intensit ies were so small. Such a study could have helped in discovering 
the method by which the salt perturbs the intensity of the doublet, and 
could have indicated the mode of interaction of the salt with the benzene 
solvent in the crystal l ine sample. 
4.2.6 Studies of benzene internal modes 
The discovery of the perturbation of the V^Q internal benzene 
mode by the presence of dissolved Bu4N+Gl in the crystal l ine solution 
prompted a study of the other internal modes, in both l iquid and solid 
Bu^N+Cl" in benzene solutions. The spectra were recorded using a Grubb 
Parsons Ltd. GS2A infrared grating spectrometer. A spectrum for 51 urn of 
pure benzene at 293K was recorded over the 3 ranges of the instrument, 
which is calibrated in um, 5 ym to 20 urn (2000 to 500 cm 1 ) , 3.5 to 5 ym 
(2856 to 2000 cm"1) and 2.5 to 3.5 ym (4000 to 2856 cm" 1). Potassium 
bromide windows were used as they gave reasonable transmission over the 
whole frequency range. The spectrum for 0.70 mol dm~^  Bu^N+Cl" in benzene 
in the same 51 ym cell was also recorded on the same chart paper. The 
spectra were superimposable to within 1% transmission over the whole frequ-
ency range, and as the precision obtained for duplicate runs with the pure 
benzene background was also about 1%, then i t was concluded that no signi f-
icant perturbation of any benzene internal modes occurred for Bu^N+Cl" in 
benzene at a concentration of 0.70 mol dm . The spectra for both solvent 
and solution were also recorded using 1.20 mol dm ^ Bu^N+Cl in benzene in 
a 64 ym pathlength cell at 293K, in the hope that the increased concentration 
1S<* 
would make any perturbation observeable. The spectra were once again 
superimposable, in this case to within 0.5% transmission. 
Spectra of 64 um of 0.86 mol dm - 3 crystal l ine Bu^N+Cl~ in 
benzene and the same pathlength of crystal l ine benzene were recorded at 
253 and 223K to determine i f any other benzene internal modes, apart 
from the 404 cnf^ V^Q band were perturbed in the crystal l ine solution. The 
cooling process was carried out very slowly in order to avoid non-uniform-
i t y of sample problems, as described in the work on the 404 cnf^ doublet. 
Slow cooling was especially important for this study, since the only useable 
transmitting windows in this region were br i t t le,and would not have 
withstood thermal shock easily. Silver chloride windows were used in prefer-
ence to potassium bromide,since the former are more resistant to thermal 
shocks (61). These AgCl plates were also fa i r l y malleable, and could be 
worked at low temperatures, which helped them withstand the mechanical 
shock of the samples freezing. The spectra for the crystal l ine benzene and 
the crystal l ine solution were traced from the chart paper and superimposed, 
and are shown in f i g . 4.13, where the solution spectra are represented by 
the dotted lines and the solvent spectra by the solid l ines. I t can be seen 
that very l i t t l e change in either frequency or intensity occurred in going 
to the solution. Hollenberg and Dows (58), Yamada and Person (62) and 
Szczepaniak and Person (63) have observed the infrared spectrum of c rys ta l l -
ine benzene. Szczepaniak and Person also observed the spectrum of a crysta-
l l i ne benzene/HCl complex (63). Very l i t t l e change was observed in the 
infrared spectrum even for a HCl:benzene ratio of 13:1, but the changes 
observed enabled deductions to be made regarding the interaction of the HC1 
with the benzene. I t was hoped that this exercise could be repeated for the 
crystal l ine Bu4N+Cl~ in benzene solution. 
Table 4.9 shows the observed frequencies and approximate strengths 
for the infrared absorptions for the crystal l ine benzene,and the crystal l ine 
0.86 mol dm 3 Bu/,N+Cl in benzene solution at 253K. The l i terature values 
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for crystal l ine benzene at l iquid nitrogen temperature (77K) were taken 
from Szczepaniak and Person (63). The numbering of the assignments was 
according to Wilson (64), and the assignments according to Herzberg (59) 
are shown in parenthesis, and are used in the following discussion. 
Of the 10 ungerade modes of benzene (ref. 59, p. 363) only the 
one a^u and the three e^ u modes are allowed in the infrared spectrum of 
the gaseous phase. However in the crystal the selection rules are relaxed 
due to the C.. symmetry, and al l the ungerade modes are allowed. The 10 
gerade modes are not allowed in the infrared spectrum of the gas phase 
molecule5and were not observed in crystal l ine benzene. The appearance 
of these gerade modes for the Szczepaniak and Person HC1/benzene complex 
was attributed to a loss of order in the environment surrounding each 
benzene s i te , which caused a relaxation of the selection rules. The solid 
complex was, however, less perturbed from the crystall ine benzene than was 
the l iquid benzene where there were no selection rules for the free molecules 
No such appearance of gerade bands was noticed on going from the crystal l ine 
benzene to crystal l ine Bu^N+Cl" solution, and so the environment of the benz-
ene crystal was assumed to be changed very l i t t l e with dissolution of the 
Bu^N+Cl sa l t . This conclusion was hardly surprising in the l ight of the 
approximately 13-fold excess of benzene over dissolved salt in the 0.86 mol 
_3 
dm solution. 
The small changes in intensity and sp l i t t ing of the bands has 
been used to determine the mode of interaction of the added salt with the 
benzene. The intensity of the 1410 cm ^ band of the v 20 + v 7 doublet w a s 
decreased in the solid solution, indicating that the site symmetry was 
possibly decreased and the degeneracy of the mode once again being imposed. 
The 1410 cm"^  component was s t i l l present because there was a large excess 
of benzene, not a l l of which was influenced by the added sa l t . The 1558 cm"^  
band was weaker in the solution than in the crystal l ine benzene, indicating 
that the sp l i t t ing of the degenerate bands was being reduced because of the 
U 3 
changes in si te symmetry at the benzene crystal . 
The v^Q band was a doublet in both the crystal l ine solvent and 
solution, indicating that the interaction of the Bu^N+Cl with the benzene 
was much less than that of the HC1 with the benzene in the Szczepaniak and 
Person HC1/benzene matrix, where sp l i t t ing of the benzene mode was not 
observed. The 1479 cnf^ v-|3 mode was broadened in the so lu t ion is was the 
1033 cnf^ v^ 4 mode. The presence of the dissolved salt in the solid solution 
was seen to be making possible a more rapid vibrational relaxation of 
these modes, by some sort of specific interaction with the atoms. 
The v^g, v^, v 4 > v^ 3 and modes,which were perturbed in the 
crystal l ine solution,are shown in f i g . 4 . 1 4 . The v^Q mode is a C-C-C 
perpendicular bending mode and the v 7 and v 4 modes are C-H perpendicular 
bending modes. I t thus appeared that the salt was interacting with the 
benzene in such a way that only the intensity and degeneracy of the 'out-
of-plane' modes of the molecule are affected. The m°de is a C-H 
parallel bending mode and the v.^ band is a C-G stretching mode, and i t 
is these ' in-plane' modes that are broadened in the crystal l ine solutions. 
A discussion of the form of the interaction of the dissolved salt with 
the benzene solvent is given in chapter 7 . 
4 .3 Tetra-n-butylammonium bromide in benzene 
The effect of change of the anion on the low frequency absorption 
was determined by a study of tetra-n-butylammonium bromide (Bu^N+Br ) in 
benzene. This salt was found to show a maximum at about 80 cm ^, and hence 
a 100 gauge beam-splitter was used to obtain the spectra. No additional 
f i l t e r i ng was employed to optimise energy in the f i r s t beam-splitter hoop 
below 120 cm~\ Use of a 0.1 cm crystal l ine quartz f i l t e r resulted in very 
high gains and subsequently noisy spectra. (See section 2 . 1 4 ) . Fig. 4 . 1 5 
shows the spectrum of 0 .44 mol dm"3 Bu4N+Br" in benzene at 290K in a 
polythene windowed cell of 0 .052 cm pathlength. I t can be seen that use of 
the 100 gauge beam-splitter enabled good signal-to-noise ratios to be 
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achieved for the low frequency half of the band, but that the high frequency 
wing of the band was severely curtailed by the beam-splitter cut-off at 
approximately 120 cm 1 . The band centre for the Bu^N+Br" in benzene system 
was seen to be at about 85 cm - 1 , and to have a half-band width of about 
70 cm" 1. 
4-.3.1 Effect of concentration 
The so lub i l i ty of Bu^N+Br in benzene was found to be about 
_3 
0.45 mol dm . The low frequency absorption was found to be less intense 
than that for the chloride, and made i t necessary to run the spectra using 
a pathlength of 0.0517 cm. Spectra for 6 concentrations of Bu^N+Br" in 
benzene in the range 0.10 to 0.44 mol dm"''5 were recorded, and the results 
are shown in table 4.10. Two spectra were recorded for each concentration, 
and the areas quoted were calculated from 'planimeter1 and 'computed' areas 
as described for the chloride. Fig. 4.16 shows a plot of area under the 
85 cm"1 absorption versus concentration for Bu^N+Br in benzene. Beers Law 
was seen to be obeyed, within the l imits of the experimental uncertainty, 
-3 r 
in the concentration range 0.1 to 0.4 mol dm . The error bars were constru-
cted by using the standard variation of the area as calculated for the 
chloride. The f i t t i n g of the baseline was s t i l l considered to be the major 
source of error in the intensity measurements. In the case of the bromide 
these errors were quite probably overestimates of the errors involved, since 
the frequency range over which the absorption occurred was less than that 
for the chloride. Thus i t was relat ively easier to f i t the baseline. The 
BEERSLAW programme was used to calculate the slope of the best straight 
3 -1 
l ine for the 'computed' and 'planimeter' areas. A slope of 229±5 dm mol 
cm 1 was obtained when the origin was taken as a valid point. This is 
represented by l ine A in the f igure. The intensity B.., derived from this 
3 -1 -2 
slope was 4 430±100 dm mol cm . Line B represents the best f i t to the 
data without the restr ict ion of the origin as a valid point. The intercept 
for this l ine was -3.3±4.1 and hence could not be determined. The slope 
Table 4.10 Intensities for the 80 cm band for Bu4N+Br" in benzene 
(L = 0.052 cm, T = 293K) 
concentration area average area intensity 
-3 
/mol dm /cm
 1 /cm 1 3 -1 -2 /dm mol cm 
0.10 22.2 
20.3 
21.3 4140±4260 
0.16 32.8 
33.4 
33.1 3980±2660 
0.30 71.1 
67.1 
69.1 4490±1420 
0.36 83.6 
82.3 
83.0 4520±1180 
0.40 83.9 
102.1 
93.0 4520±1060 
0.44 103.3 
93.7 
98.5 4390±970 
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for this l ine was 240±13 dm mol cm , which gave an intensity B.. of 
3 -1 -2 
4 640±250 dm mol cm . As the two intensity values thus calculated were 
not signif icant ly d i f ferent , and the standard deviations of the intensit ies 
were small, then Beers Law was assumed to hold for this concentration range, 
and the intensity of the 85 cm ^ absorption for Bu^N+Br~ in benzene was 
taken as 4 430±100 dm3 mol"1 cm - 2 . 
On calculating the standard deviations for the intensit ies at 
each concentration i t was noted that much care was needed in the interpret-
ation of such integrated area/concentration data. Whilst the area values 
f i t ted very well to the straight l ine , i t was noted from f i g . 4.17 that the 
intensity values could in fact be increasing as was the case for the chloride 
To determine whether or not the intensity was increasing with concentration 
i t was necessary to cut down the error on the integrated band area measure-
ment. This could be done by increasing the pathlength at which the spectra 
were run. However, this was not possible because of the background benzene 
absorption, from the col l is ional mode at 75 cm ^, which l ies under the 
absorption at 85 cm"^. Increasing the pathlength resulted in very noisy 
spectra with the Golay detector, due to ratioing out problems. Use of a 
cooled detector would enable useable spectra to be obtained, and would allow 
a more accurate study of the intensity of the 85 cm ^ band with the 
concentration of the sa l t . 
4.4 Tetra-n-pentylammonium chloride and tetra-n-heptylammonium chloride 
in benzene 
The effect of change of cation on the far- infrared absorption 
was studied by recording the spectra of tetra-n-pentylammoniurn chloride 
(Pe4N+Cl~) in benzene. The Pe^N+Cl salt was purchased from Eastman Kodak 
Ltd. and was stored in a dessicator over calcium chloride, and was used 
without further pur i f icat ion. The spectra were recorded using a 50 gauge 
beam-splitter and a 0.0208 cm pathlength polythene windowed c e l l . The 
observed bands had a band centre at approximately 115±3 cm"\ and a half-
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m 
band width of about 75±5 c m - 1 . The spectrum fo r 0.7023 mol dm 3 Pe 4N +Cl~ 
in benzene can be seen in f i g . 4.18. The band was very asymmetric to low 
frequency, the asymmetry being especial ly noticeable fo r the high concentrat-
ions of s a l t . The p o s s i b i l i t y of a low frequency component to the overal l 
p ro f i l e of the ion aggregate absorptions is invest igated in chapter 5. 
Two spectra were recorded fo r each of 6 concentrations of 
Pe^N+Cl in benzene, and the integrated areas and hence the in tens i t i es fo r 
the overal l absorption band were calculated as deta i led previously. These 
areas and in tens i t i es are detai led in table 4 .11 . From these resul ts i t 
was d i f f i c u l t to determine whether or not the in tens i t y was increasing 
with concentrat ion, due to the small number of concentrations s tudied, and 
the apparent scat ter of the in tens i t ies fo r the higher concentration so lu t ions. 
However, the resul ts did suggest that the in tens i t y was r i s ing with increas-
ing concentrat ion. This once again suggested that the Pe^N+Cl ion aggregates 
were breaking up on d i l u t i o n , as was seen to be the case fo r Bu^N+Cl . The 
in tens i ty fo r the Pe4N+Cl in benzene band was less than fo r Bu4N+Cl in 
-3 + -benzene. At about 0.3 mol dm concentration the in tens i ty fo r the Pe^N CI 
3 - 1 - 2 + -sa l t was 3 500 dm mol cm , wh i l s t that f o r Bu^N CI in benzene at the 
3 -1 -2 
same concentration was 8 000 dm mol cm . 
The e f fec t of change of cation was fu r ther studied by recording 
the spectra of 0.774 mol dm - 3 tetra-n-heptylammonium chlor ide (Hp^N+Cl~) 
in benzene. The sa l t was once again purchased from Eastman-Kodak L t d . , and 
was used without fu r ther p u r i f i c a t i o n . The same instrumental condit ions were 
used in recording th is spectrum as were used fo r the Pe^N+Cl s a l t . The 
spectrum is shown in f i g . 4.19. The band centre was measured as 112±3 cm \ 
and the half-band width as 80±5 cnf^. The in tens i t y was calculated from the 
two rat ioed spectra of the 0.774 mol dm" 3 Hp 4N +Cl" as 8 400±1 400 dm3 mol" 1 
-2 -1 cm ; the integrated areas being 130.3 and 140.3 cm . I t thus appeared that 
the in tens i ty of the 112 cm ^ absorption fo r the Hp^N+Cl sa l t was about the 
same as that fo r the Pe..N+Cl~ sa l t in benzene. The asymmetry to low 
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Table 4.11 In tens i t ies fo r the 115 cm"1 band of Pe / )N+C1" and Hp^N+Cl" 
in benzene (L = 0.0208 cm, T = 297K) 
concentration area average area in tens i ty 
-3 
/mol dm /cm ^ /cm ^ 
3 -1 -2 
/dm mol cm 
Pe 4N +Cl" 
0.132 11.28 
10.13 
10.71 3900±8000 
0.264 18.34 
18.85 
18.60 3387±4000 
0.528 39.10 
42.25 
40.68 3704±2000 
0.702 128.13 
118.45 
123.29 8443H500 
1.055 137.84 
125.64 
131.74 6003±1000 
Hp 4N +Cl" 
0.774 130.31 
140.27 
135.29 8403±1400 
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frequency of the band centre was not nearly so pronounced in the Hp^N+Cl~ 
as in the Pe^N+Cl" salt,when the spectra of the 0.7 mol dm - 3 sal ts were 
compared. The low frequency component fo r the Hp^N+Cl~ sa l t was thus less 
than that f o r the Pe 4N +Cl" s a l t . 
The ' s t i c k i n g 1 of the sa l t solut ions to the polythene ce l l 
windows was severe, especial ly fo r the Hp^N+Cl in benzene so lu t ions , and 
the ce l l was therefore rinsed with acetone immediately a f t e r each sa l t 
so lut ion interferogram had been run. The ce l l plates were changed a f t e r one 
day of use with e i ther the Pe4N+Cl or Hp^N+Cl so lu t ions. This ' s t i c k i n g ' 
problem was thought to be a possible cause fo r the var iat ions in the 
in tens i t i es fo r the higher Pe^N+Cl concentrations. 
4.5 Tetra-n-butylammonium chlor ide in carbon te t rach lor ide 
The possible e f f ec t of solvent on the fa r - i n f ra red absorption 
was invest igated by using carbon te t rach lor ide (CCl^) as a solvat ing medium 
fo r the tetra-alkylammonium s a l t s . The CCl^ was Hopkin and Williams 'Spectr-
oso l 1 grade, and was dried over molecular sieves, but otherwise used without 
p u r i f i c a t i o n . Karl-Fischer t i t r a t i o n s showed less than 0.01% water by 
weight in the pure solvent. Bu^N+Cl was found to have a s o l u b i l i t y of 
_3 
approximately 0.8 mol dm in CCl^, by making up a saturated solut ion by 
gradual addi t ion of the s a l t . The solvent was then slowly pumped away from 
3 
25 cm of th is saturated solut ion under reduced pressure, and the resu l t ing 
so l id weighed. 5.563 g of sa l t was recovered, which was the equivalent of 
_3 
0.803 mol dm solut ion of the s a l t . This indicated that no stable so l id 
solvate of the s a l t by the solvent was being formed. 
Spectra of the Bu4N+Cl~ sa l t in CCl^ solut ion were recorded 
using a 50 gauge beam-spl i t ter , and pathlengths of 0.0208 cm fo r concent-
_3 
rat ions between 0.1 and 0.8 mol dm , and 0.152 cm fo r concentrations 
_3 
between 0.01 and 0.1 mol dm , in polythene windowed c e l l s . F ig . 4.20 
shows the spectrum for an 0.0208 cm pathlength of 0.581 mol dm 3 Bu 4N +Cl" 
in CC1«. The measured band centre was found to be 114±2 cm"^ , and hence 
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no s ign i f i can t s h i f t of band centre was seen to have occurred on changing 
the solvent from benzene to CC1^. Table 4.12 shows the calculated integrated 
areas, and corresponding in tens i t i es fo r the f a r - i n f r a red absorpt ion. This 
table and f i g . 4 . 2 1 , which shows a Beers Law p lo t fo r the 0.021 cm pathlen-
gth spectra, indicated that the absorption obeyed Beers Law in th is concen-
t r a t i on range. The BEERSLAW best s t ra igh t l i ne programme was used to give 
the best values for the in tens i t y of the absorpt ion. Using the o r i g in as a 
3 -1 -1 
va l id po in t , a slope of 264±5 dm mol cm was obtained, which gave an 
3 -1 -2 
in tens i t y B. of 12 700+230 dm mol cm . I f the o r i g in was not taken as 
3 -1 -2 
a va l id point a slope of 255±10 dm mol cm was obtained with an intercept 
of 5.06±5.28 cm \ This data indicated that Beers Law was va l id in th is case. 
3 -1 -2 
The l a t t e r slope gave an in tens i t y B.. of 12 300±500 dm mol cm . The 
slopes of these best f i t s are represented in f i g . 4 . 2 1 , where l i ne A is the 
f i t through the o r ig in and l i ne B is that without r e s t r i c t i o n . 
To determine whether the absorption species was changing at 
lower concentrations, spectra were also recorded fo r concentrations in the 
_3 
range 0.01 to 0.1 mol dm , using a 0.152 cm pathlength c e l l . These spectra 
showed a considerably bet ter s ignal- to-noise ra t i o than the spectra fo r the 
lower concentrations of Bu 4N +Cl" in benzene. The low frequency co l l i s i ona l 
absorption of CCl^ was much less than that fo r benzene, and so there were no 
serious ' r a t i o i n g out 1 problems fo r the CCl^ so lu t ions . F ig . 4,22 shows the 
spectrum of 0.152 cm of 0.079 mol dm"3 Bu 4N +Cl" in CCl^, and when compared 
-3 + -
wi th f i g . 4.6 fo r 0.253 cm of 0.048 mol dm Bu^N CI in benzene, showed 
the s i gn i f i can t l y bet ter s ignal- to-noise ra t i o below 100 cm~\ The integrated 
areas and corresponding in tens i t i es fo r the f a r - i n f ra red absorption are shown 
in table 4.12. The in tens i t y showed no concentration dependence as shown in 
f i g . 4.23, fo r the concentration range 0.01 to 0.10 mol dm . I t was therefore 
concluded that the absorbing species was not being af fected by d i l u t i o n , and 
hence that the aggregates were not breaking up. This can be seen from f i g . 
4.24, where the in tens i t y fo r each concentration has been p lot ted against 
Table 4.12 In tens i t ies fo r the 115 cm"1 band fo r B u ^ C l " in CC14 
(T = 294K, L = 0.021 and 0.152 cm) 
concentration area average area in tens i ty 
_3 
/mol dm /cm
 1 /cm 1 3 -1 -2 /dm mol cm 
0.021 cm pathlength 
0.098 29.1 
25.2 12 380 ±107 90 
21.3 
0.196 60.4 
56.5 13 860±5 400 
52.6 
0.291 76.2 
77.3 12 790±3 640 
78.3 
0.392 133.3 
123.9 15 190±2 700 
114.4 
0.524 136.4 
127.3 11 680±2 020 
118.2 
0.581 150.2 
155.5 12 860±1 820 
160.7 
0.688 170.2 
166.0 11 610±1 540 
161.8 
0.783 219.4 
215.3 13 220±1 350 
211.1 
(continued) 
Table 4.12 (continued) 
concentration area average area intensi ty 
_3 
/mol dm /cm ^ /cm ^ /dm mol cm 
0.152 cm pathle ngth 
0.0098 17.7 
16.9 
17.3 11 680±14 850 
0.0185 33.8 
29.8 
31.8 11 340± 7 840 
0.0399 68.8 
73.8 
71.3 11 770± 3 630 
0.0790 121.3 
116.9 
119.1 9 930± 1 830 
0.0980 137.2 
142.8 
140.0 9 410± 1480 
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the concentrat ion. The error bars were once again calculated on the assump-
t ion that the precision on the area was ±22 cm \ 
The in tens i t y of the absorption band over the whole concentration 
_3 
range studied (0.01 to 0.8 mol dm ) was calculated by correct ing a l l the 
areas to 0.021 cm pathlength, by assuming Beers Law to be va l id as indicated 
above, and then using the programme BEERSLAW. For the 12 concentrations of 
Bu^N+Cl" in CCl^ studied the 52 areas measured gave a slope of 264±4 dm3 mol" 
-1 3 
cm fo r the f i t through the o r i g i n , with an in tens i t y B.. of 12 700±200 dm 
-1 -2 
mol cm . I f no res t r i c t i ons were applied the least squares analysis gave 
3 -1 -1 
a slope of 265±6 dm mol cm , which gave an in tens i t y B^  of 12 740±300 
3 -1 -2 
dm mol cm . The in tercept on the area axis fo r the l a t t e r f i t was -0.4 
+2.3 c m " \ which indicated that Beers Law was va l id f o r th is system. 
Comparison of the ion aggregate band in tens i t i es fo r Bu^N+Cl~ 
in benzene and CC1^ solut ions indicated that the solvent had very l i t t l e 
e f fec t on the i n t e n s i t y . The in tens i ty fo r the benzene solut ions was 
B i = 1 3 000±300 dm3 mol" 1 cm" 2 and that fo r CC14 solut ions was B. =12 700 
3 -1 -2 
±300 dm mol cm . The in tens i ty fo r the benzene solut ions may well be 
an overestimate, because of the non-adherance to Beers Law, and the conseq-
uent s h i f t of the best f i t s t ra igh t l i ne to greater slope,because of the 
higher i n tens i t i es fo r the higher concentration sa l t so lu t ions. However the 
agreement fo r the two solut ions indicated that the Bu 4N +Cl~ sa l t was present 
in the same state of aggregation fo r the CCl^ solut ions as for the higher 
concentration benzene so lu t ions , which would dominate the Beers Law f i t fo r 
the benzene so lu t ions. From th is invarience of the in tens i t y with change 
of solvent i t was concluded tha t , e i ther the solvent took no part in the 
interact ions that gave r ise to the absorptions fo r the sa l t in the so lu t i on , 
or that the CCl^ had exact ly the same role in the Bu 4N +Cl~ in CCl^ solut ions 
as did the benzene in the concentrated Bu 4N +Cl~ in benzene so lu t ions. 
4.6 Tetra-ri-butylammonium bromide in carbon te t rach lor ide 
The spectra of the bromide sa l t were recorded by using a 100 
gauge beam-spl i t ter , which gave maximum energy at the maximum of the absorp-
t ion in the s a l t , but precludes accurate measurements in the high frequency 
_3 
wing of the band. Only one concentration (0,274 mol dm ) was recorded, and 
spectra were recorded at 0.052 and 0.102 cm pathlengths. The spectrum fo r 
0.052 cm of 0.274 mol dm" 3 Bu 4N +Br" in CC14 is shown in f i g . 4.25. The band 
centre was measured as 73±3 cm \ and the half-band width as 50±5 cm \ The 
band centre had sh i f ted from 80±3 cm ^ fo r the bromide sa l t in benzene. On 
a closer invest igat ion of the spectrum i t was noticed that the band was 
asymmetric to high frequency, rather than to low frequency as had been the 
case fo r the Bu4N+Br in benzene. This indicated that fo r the bromide in 
CC14 the low frequency component of the absorption was now predominant. The 
'computed1 and planimeter areas were obtained as detai led previously, and 
3 -1 
the average areas calculated to give an in tens i t y B.. of 6 000±1700 dm mol 
-2 + • cm for the two pathlengths. I t appeared that the in tens i t ies f o r the Bu4N Br 
sa l t were higher in CC14 than in benzene, where the in tens i t y was calculated 
3 -1 -2 
as 4 430±100 dm mol cm . However, the low precision fo r the in tens i t y 
of the sa l t in CC14 allowed overlap with the in tens i t y fo r the benzene 
so lu t ions , and the in tens i t y di f ference was thus not s i g n i f i c a n t . 
4.7 Tetra-n-butylammonium chlor ide in chloroform 
To fu r ther study the possible e f fec ts of the solvent on the 
ion aggregate absorption the Bu4N+Cl~ and Bu4N+Br sal ts were also studied 
in chloroform. The solvent used was Hopkin and Williams 'spectrosoV 
chloroform, which was dried over molecular s ieves, but then used without 
p u r i f i c a t i o n . Karl-Fischer t i t r a t i o n s showed less than 0.01% water by 
weight in the dr ied chloroform solvent. The s o l u b i l i t y of Bu4N+Cl in CHC1^ 
_3 
was found to be approximately 0.85 mol dm , and so a series of spectra fo r 
-3 
concentrations between 0.1 and 0.8 mol dm were recorded. F ig . 4.26 shows 
the spectrum obtained fo r 0.6 mol dm" 3 Bu 4N +Cl" in CHC13 at 0.0208 cm 
pathlength. The band centre was measured as 118±3 cm~\ and the ha l f -
band width as 55±5 cm~^, which was considerably narrower than the 80±5 
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cm"1 measured for Bu4N+C1~ in benzene and CC1^. The band was almost symmetric 
about the band centre, and showed very l i t t l e ind icat ion that a second 
component was present in the overal l p r o f i l e . 
Table 4.13 shows the integrated areas and corresponding intensies 
observed fo r the band at 118 cm \ which were obtained as detai led fo r 
Bu^N+Cl in benzene. The in tens i ty values showed that there was possibly 
3 -1 
an increase in in tens i t y wi th concentrat ion, from 7 200±10 600 dm mol 
cm" 2 at 0.1 mol dm" 3 to 9 400±1 300 dm3 mol" 1 cm" 2 at 1.2 mol dm" 3 , but 
fur ther showed that the increase was not s t a t i s t i c a l l y s i g n i f i c a n t . This 
can be seen from f i g . 4.27, which shows the p lo t of in tens i ty against 
concentration fo r Bu^N'ci" in CHCl^. The 32 integrated areas for the 8 
Bu^N+Cl" in CHClg concentrations for which spectra were observed,were used 
3 -1 -1 
with the BEERSLAW programme to give a slope of 193±2.6 dm mol cm , 
3 -1 -2 
and an in tens i t y B^  of 9 300±100 dm mol cm f wi th the o r ig in taken as a 
va l id po in t . Without th i s r e s t r i c t i o n the slope was determined as 201±6 
3 - 1 - 1 3 -1 -2 dm mol cm , which gave an in tens i ty B^  of 9 700±300 dm mol cm . 
The intercept on the area axis using the unrestr ic ted f i t was -4.2±2.8 cm \ 
and as th is in tercept was s t a t i s t i c a l l y s i gn i f i can t from the o r i g i n , then 
th is indicated that Beers Law did not hold over the concentration range 
0.1 to 0.8 mol dm" 3 fo r Bu 4N +Cl" in CHClg. The unrestr ic ted Beers Law f i t 
to the area data is denoted by the l e t t e r B in f i g . 4.28, and the f i t 
through the o r i g i n is denoted by the l e t t e r A. The in tens i t y values did not 
increase wi th concentration anywhere near as markedly for Bu^N+Cl in CHCl^ 
as for Bu^N+Cl in benzene, where the in tens i t y increased from 3 000 dm3 
-1 -2 -3 3 -1 -2 
mol cm at 0.1 mol dm to approximately 20 000 dm mol cm at 1.2 
_3 
mol dm . This indicated that the size of the aggregates was only changing 
marginally with concentrat ion, and suggested that the chloroform in the 
chloroform solut ions was not in teract ing with .the Bu^N+Cl aggregates as 
strongly as did the benzene in the benzene so lu t ions. The in tens i t y values 
themselves indicated that the Bu4N+Cl in chloroform was in a s imi la r state 
Table 4.13 In tens i t ies fo r the 115 cm"1 band of Bu 4N +Cl" in CHC13 
(L = 0.0208 cm, T = 293K) 
concentration area average area in tens i ty 
_3 
/mol dm /cm
 1 /cm 1 3 -1 -2 /dm mol cm 
0.10 17.3 
15.1 7 200+10 600 
12.9 
0.20 39.4 
37.2 8 900± 5 300 
35.1 
0.30 50.6 
53.6 8 600± 3 500 
56.6 
0.40 71.1 
71.5 8 600± 2 600 
72.0 
0.52 107.9 
106.0 9 900± 2 100 
104.2 
0.60 115.0 
112.5 9 000± 1 800 
110.0 
0.69 126.4 
136.2 9 400± 1 500 
146.0 
0.80 160.2 
156.9 9 400± 1 300 
153.7 
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_3 of aggregation, throughout the concentration range 0.1 to 0.8 mol dm , to 
the Bu^N+Cl in benzene at approximately 0.4 mol dm 3 . The measured in ten-
s i t y fu r ther suggested that aggregation in the chloroform solvent was less 
extensive than in carbon te t rach lo r ide , where the in tens i t y was measured 
as 12 700±300 dm3 mol" 1 cm" 2 . 
4.8 Tetra-n-butylammonium bromide in chloroform 
Spectra of Bu 4N +Br" in CHC13 were recorded using a 100 gauge 
beam-spli t ter and a 0.0517 cm pathlength ce l l fo r concentrations between 
0.21 and 0.64 mol dm and a pathlength of 0.0208 cm pathlength fo r a 
_3 
concentration of 0.69 mol dm . F ig . 4.29 shows the spectrum observed fo r 
_*> . _ 
a 0.0517 cm pathlength of 0.345 mol dm ° Bu4NTBr~ in CHC13. The noise in 
the high frequency wing of the band was once again caused by the cut o f f of 
the 100 gauge beam-spl i t ter , which was necessary to observe bands centred 
near 80 cm 1 . The band centre was measured as 79±3 cm \ and the ha l f -
band width as 50±5 cm \ The band appeared to be asymmetric to low frequency, 
and the overal l p r o f i l e suggested the p o s s i b i l i t y that a second component 
band was centred at 50±10 cm" 1 . The integrated areas and calculated in ten-
s i t i e s fo r the fa r - i n f ra red absorption of solut ions of between 0.21 and 
0.69 mol dm 3 Bu^N+Br~ in CHCl^ are shown in table 4.14. The weighted average 
of these in tens i t i es was taken as they showed such good agreement, and with 
a weighting factor of the reciprocal of the square of the standard deviat ion 
fo r the in tens i ty at that par t i cu la r concentrat ion, the average in tens i ty 
3 -1 -2 
B.. was 3 900±500 dm mol cm . Beers Law was thus seen to be adhered to 
very closely fo r the system Bu4N+Br~ in CHC13 between 0.2 and 0.7 mol dm" 3 . 
3 -1 -2 
The in tens i ty value f i t t e d well wi th the 4 400 dm mol cm measured for 
Bu^N+Br~ in benzene. 
4.9 Tetra-n-butylammonium iodide in chloroform 
The e f fec t of the anion on the fa r - i n f ra red absorptions could 
be more extensively studied in chloroform than in e i ther benzene or carbon 
te t rach lo r ide , since the iod ide, n i t r a te and perchlorate t e t r a - n - b u t y l -
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Table 4.14 In tens i t ies fo r the 80 cm"1 band for Bu^N+Br" in CHC13 
( T = 290K, L = 0.0517 and 0.0208 cm) 
concentration area 
-3 -1 
/mol dm /cm 
0.0517 cm pathlength 
0.21 
0.25 
0.35 
0.47 
0.56 
0.64 
41.3 
37.3 
53.0 
61,6 
74.2 
70.1 
68.4 
91.3 
93.3 
117.4 
107.2 
122.1 
135.1 
0.0208 cm pathlength 
0.69 53.4 
61.4 
average area 
/cm" 1 
39.3 
57.3 
70.9 
92.3 
112.3 
128.6 
57.4 
in tens i ty 
3 -1 -2 
/dm mol cm 
3 600±2 000 
4 400±1 700 
3 900±1 200 
3 800±1 000 
3 900± 800 
3 900± 700 
4 000±1 500 
ammonium sal ts were a l l soluble in chloroform in s u f f i c i e n t l y high concen-
t ra t ions fo r the absorptions to be observeable. The tetra-n-butylammonium 
iodide (Bu 4N + I~) was soluble to approximately 0.6 mol dm"3 in CHC13, 
whereas i t was p rac t i ca l l y insoluble in benzene and CCl^. (Less than 0.01 g 
3 
of sa l t were soluble in 25 cm of benzene, and hence the s o l u b i l i t y was 
less than 0.0014 mol dm" 3 . ) The spectra fo r Bu 4 N + l " in CHC13 were recorded 
using a 100 gauge beam-spl i t ter , and 0.0517 and 0.021 cm pathlength c e l l s . 
The spectrum recorded fo r 0.0517 cm of 0.5112 mol dm" 3 Bu 4 N + l " in CHCl^ 
is shown in f i g . 4.30. The band centre was measured as 61±3 cm and the 
half-band width as 50±5 cm \ The band appeared to be almost symmetrical 
about the band centre, and showed very l i t t l e ind ica t ion of the presence 
of a low frequency component. Table 4.15 shows the measured areas and 
corresponding in tens i t i es fo r the 3 concentrations of Bu^N + l " in CHC1^ 
fo r which spectra were recorded. The weighted average in tens i t y B.. was 
found to be 3 000+500 dm3 mol " 1 cm" 2 . 
4.10 Tetra-n-butylammonium n i t ra te in chloroform 
Spectra of only one concentration of tetra-n-butylammonium 
n i t r a te (Bu^NO^ ) in chloroform were recorded. The spectra were recorded 
fo r 0.0208 and 0.0517 cm pathlength by use of a 50 gauge beam-spl i t ter . 
_3 
The spectrum observed fo r the 0.0517 cm pathlength of 0.324 mol dm 
solut ion of Bu 4N +N0 3" in CHC13 is shown in f i g . 4 .31 . The band centre was 
measured as 100±3 cm" 1 , and the half-band width as 65±5 cm" 1 . The band 
appeared to be symmetric about the band centre. The integrated areas fo r 
the 0.324 mol dm" 3 Bu 4N +N0 3" in CHC13 so lut ion were measured as 50.9±22 cm"1 
fo r the 0.0208 cm pathlength, and 112.3±22 cm"1 fo r the 0.0517 cm path-
length, which gave in tens i t i es of 7 500±3 300 and 6 700±1 300 dm3 mol" 1 
-2 
cm respect ively. The weighted average in tens i t y B.. was found to be 
6 800±1 800 dm3 mol " 1 c m - 2 . 
4.11 Tetra-n-butylammonium perchlorate in chloroform 
-3 A single spectrum for 0.618 mol dm tetra-n-butylammonium 
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Table 4.15 In tens i t ies fo r the 60 cm"1 band of Bu 4 N + l " in CHC13 
(T = 293K, L = 0.052 cm) 
concentration area average area in tens i t y 
_3 
/mol dm /cm
 1 /cm 1 3 -1 -2 /dm mol cm 
0.51 91.4 
57.9 
74.7 2 900±800 
0.54 87.6 
89.3 
88.5 3 600±800 
0.59 91.0 91.0 3 000±700 
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perchlorate (Bu^N+C10^ -) in CHCl^  was recorded using a 100 gauge beam-
s p l i t t e r , and a 0.0208 cm pathlength. The measured band centre was 85±3 
cm \ and the half-band width was 65±5 cm \ The integrated area was 
-1 3 measured as 95.5±22 cm , which gave an in tens i t y EL of 7 400+1 700 dm 
mol cm . 
4.12 Tetra-n-butylammonium chlor ide in tetrahydrofuran 
Attempts were made to observe the fa r - i n f ra red absorptions of 
Bu^N+Cl in more polar solvents, in the hope that these systems would 
throw more l i g h t on the nature of the in terac t ion of the solvent wi th the 
dissolved s a l t . These studies were hampered by the increasing low frequency 
absorption of the solvent i t s e l f , as i t became more polar . This 1Poley-
H i l l ' absorption mechanism involves the ' l i b r a t i o n ' of the permanent dipole 
moment of the polar solvent molecule in the f i e l d of the polar solvent 
molecules surrounding i t . This becomes very intense for highly polar 
molecules such as acetone, where the resu l t ing broad absorption was centred 
at approximately 75 cm \ (See chapter 6.) These strong absorptions of the 
solvent caused severe ' r a t i o ing out ' problems, and made i t impossible to 
record the fa r - i n f ra red absorptions fo r the Bu^N+Cl" sa l t i n e i ther acetone 
or a c e t o n i t r i l e . The necessary pathlength to obtain approximately 50% 
transmission through the acetone was 0.005 cm, at which pathlength the 
120 cm 1 absorption of the sa l t was not observable fo r a sa l t concentration 
of 4.0 mol dm ^ Bu^N+Cl in acetone. Attempts were also made to d i l u t e 
the acetone solvent in cyclohexane p r io r to d isso lu t ion of the s a l t . These 
attempts f a i l ed because the Bu4N+Cl~ sa l t became almost insoluble in the 
acetone/cyclohexane mixture. The maximum concentration of Bu^N+Cl which 
could be dissolved in 1.0 mol dm J acetone so lut ion in cyclohexane was 
_3 
0.03 mol dm with respect to the acetone concentration in the sovent 
mixture. The 120 cm"1 absorption of the Bu 4N +Cl" sa l t was not observable 
at th is concentration at a pathlength of 0.02 cm, which was the maximum 
possible to obtain spectra with reasonable s ignal- to-noise r a t i o s . 
loo 
The lack of s o l u b i l i t y of the Bu^N+Cl in the acetone/cyclohexane and 
acetone/carbon disulphide mixtures indicated that the possible s i t e s , 
in the acetone molecule fo r the solvat ion of the in teract ing species 
were being taken up by interact ions with the i ne r t solvent. This l e f t 
few s i tes to act in the solvat ion of the Bu^N+Cl" sa l t and made the sa l t 
almost insoluble in the mixture. 
The rat ioed spectra of Bu^N+Cl in acetone/cyclohexane against 
acetone/cyclohexane obtained in the above study, showed a broad residual 
absorption in the 75 cm 1 region. This suggested that the Poley-Hi l l 
absorption of the acetone was being in tens i f i ed in the so lu t ion , and was 
thus not being completely rat ioed out . The work performed in an invest iga t -
ion of the e f f ec t of dissolved sal ts on the acetone Poley-Hi l l absorption 
is contained in chapter 6. I t was concluded that observations of the f a r -
infared absorptions of the tetra-n-alkylammonium sal ts in highly polar 
solvents was impossible with the present experimental f a c i l i t i e s . 
Tetrahydrofuran (THF) was chosen as a solvent of medium p o l a r i t y , 
and a spectrum of 1.28 mol dm 3 Bu 4N +Cl" in THF was eventually obtained 
using a pathlength of 0.0205 cm. The spectrum is shown in f i g . 4.32. This 
spectrum had a very low s ignal- to-noise r a t i o , because of the ra t io ing out 
of the Poley-Hi l l absorpt ion, which was s t i l l much more intense than the 
120 cm 1 band of the dissolved s a l t . The band centre was measured as 110±5 
cm \ and the half-band width as 85±10 c m - 1 . The integrated areas were 
measured by planimeter on ly , and the average area fo r the two spectra was 
-1 3 -1 
calculated as 183 cm , which gave an in tens i t y B. of 7 140±860 dm mol 
-2 -1 cm , i f the usual precision of ±22 cm was assumed. This in tens i ty was 
-3 + -
approximately the same as that obtained for 0.05 mol dm Bu^N CI in 
benzene, and th is suggested that the aggregation of the Bu^N+Cl" in the 
THF solvent was low, as would be expected from the solvat ing nature of the 
THF. The band.was once again c lear ly asymmetric to low frequency, and th i s 
suggested the presence of a low frequency component, possibly centred at 
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60±10 cm"1 
4.13 Indicat ions for the presence of a high frequency component in the 
overal l absorption p ro f i l es 
On careful comparison of the observed absorption spectra fo r 
the tetra-n-alkylammonium sal ts in various solvents i t was noticed tha t , 
in addi t ion to some of the spectra exh ib i t ing low frequency components in 
the overal l p r o f i l e , some spectra also exhibi ted a high frequency component. 
Bu^N+Cl showed such a component in a l l 4 solvents studied (benzene,CCl^, 
CHC1^ and THF). The band was c lear ly present in the spectrum of Bu^NTCl~ in 
benzene as can be seen from f i g . 4 . 1 . This spectrum indicated that the 
high frequency component would have a band maximum at about 180±10 cm . 
This high frequency band was seen to be once again present fo r the CCl^ 
solut ions as can be seen from f i g . 4.20, but the band appeared to be centred 
at a s l i g h t l y higher frequency than fo r the benzene so lu t i on , the band 
centre now being at about 190±10 c m - 1 . For Bu4N+Cl in CHC13 the band was 
very weak, and there was some doubt as to i t s presence. However, careful 
comparison of the band p ro f i l e on e i ther side of the major band maximum at 
120 cm"1 showed that a weak broad band was present, centred at 180 to 190 
cm 1 , as can be seen from f i g . 4.26. The concentration of the sa l t was 
approximately the same for a l l the three spectra compared, and so i t was 
concluded that i t was not the sa l t concentration which was the deciding 
factor fo r the in tens i ty of the high frequency component. A high frequency 
component centred at about 180±10 cm"1 was c lear ly v i s i b l e in the spectra of 
Bu^N+Cl in THF so lu t ions , as can be seen from f i g . 4.32. 
The spectra of Hp^N+Cl~ in benzene indicated the presence of a 
f a i r l y intense high frequency component in the overal l absorption p r o f i l e , 
as can be seen from f i g . 4.19, where the frequency of the band centre was 
seen to occur at 180±5 cm 1 . In the spectra of Pe^N+Cl in benzene the 
presence of the high frequency component was by no means obvious, as can 
be seen from f i g . 4.18. Comparison of the p ro f i l es on e i ther side of the 
major band centre fo r th is system was made more d i f f i cu l t ,because of the 
presence of the strong low frequency component in the overal l absorption 
p r o f i l e . 
The bromide sal ts showed no such high frequency component in 
any of the 3 solvents studied (benzene, CCl^, and CHCl^). I t was necessary 
to record some spectra of the bromide sal ts with a 50 gauge beam-spl i t ter , 
so that the high frequency t a i l of the major absorption at 80 cnf^ could be 
observed without degrading due to the 100 gauge beam-spl i t ter c u t - o f f , 
which would cause very poor s ignal- to-noise ra t ios in the region of the 
-3 + -
t a i l . The spectrum fo r 0.1023 cm pathlength of 0.637 mol dm Bu^N Br in 
CHCI^J recorded using a 50 gauge beam-spl i t ter , i s shown in f i g . 4.33. 
This spectrum showed that even when the main absorption at 80 cm ^ was 
greater than 2.5 absorbance u n i t s , no higher frequency absorptions were 
detectable below 240 cm \ A s imi la r spectrum, obtained with a 25 gauge 
beam-spl i t ter showed a smooth baseline a f te r the high frequency wing of 
the 80 cm~^ band u n t i l the 25 gauge beam-spl i t ter cu t -o f f at 440 cm \ 
F ig . 4.34 shows the spectrum obtained for 0.0517 cm pathlength 
of 0.564 mol dm"^ Bu^N+I~ in CHCl^ recorded with a 50 gauge beamspl i t ter. 
This spectrum showed c lear ly that no high frequency component was making 
s i gn i f i can t changes to the overal l absorption p r o f i l e fo r the spectrum of 
Bu^N + l " in CHC12» Simi lar ly f i g . 4.35 shows the spectrum obtained using 
a 50 gauge beam-spl i t ter fo r a 0.01 cm pathlength of saturated Bu^N+C10^ 
in CHC1^• This spectrum once again showed a 'c lean ' wing to the 85 cm~^ 
band, and a smoothly curving wing was l ikewise observed fo r Bu^N+N0.j in 
CHC1^ » ind icat ing that there was no high frequency component in the spectra 
fo r these two systems. 
I t was thus concluded that the high frequency component was 
present only in the tetra-n-alkylammonium chlor ide sa l t so lu t ions. The 
solvent was seen not to be the deciding factor whether the high frequency 
band occurred.or not. However, the solvent did have a marked e f fec t on the 
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i n tens i t y of th i s high frequency component, since the CHCl^ solvent 
reduced the band in tens i ty great ly from that in the benzene solvent. The 
e f fec t of cation on th is band was seen to be small fo r the Bu^N+ and Hp^N* 
s a l t s , but the small i n tens i t y fo r the Pe^N+ sa l t ( i f a high frequency 
component appeared at a l l ) indicated that the cation was possibly playing 
some ro le in the interact ions giving r i se to the high frequency absorption. 
Chapter 5 contains the resul ts of computer f i t t i n g techniques to the overal l 
absorption p r o f i l e in attempts to resolve out component bands fo r these 
systems. 
4.14 Summary 
The in tens i ty of the low frequency absorption was found to be 
concentration dependent fo r 3 sal ts (Bu 4 N + Cl" , Pe 4N+Cl~ and Hp 4N+Cl~) 
in benzene but independent of concentration for the remaining t e t r a -n -
alkylammonium sal ts in benzene, and fo r a l l the tetra-n-alkylammonium 
sa l ts in the 3 other solvents studied (CCl^, CHCl^ and THF). For the 
Bu^N+Cl sa l t in benzene the maximum in tens i ty was seen to occur at about 
-3 
0.8 mol dm s a l t , ind icat ing that at th is concentration of the sa l t the 
size of the ion aggregates was at a maximum. Addit ion of water to the 
Bu^N+Cl in benzene system decreased the overal l i n tens i t y of the low 
frequency absorpt ion, ind ica t ing that the sa l t aggregate was being broken 
down as in terac t ion of the s a l t occurred p re fe ren t ia l l y wi th the water, 
rather than with the benzene. The in tens i t y of the overal l low frequency 
p r o f i l e fo r Bu^N+Cl in benzene was l i t t l e affected by increasing temper-
a ture , except when the temperature approached the bo i l i ng point of the 
benzene so lu t i on , where a s l i g h t increase in absorption in tens i t y occurred. 
The values for band centre, half-band width and in tens i ty f o r 
the overal l p ro f i l es of the low frequency fa r - i n f ra red p ro f i l es of the 
tetra-n-alkylammonium sal ts in the various solvents studied are summarised 
in tables 4.16 to 4.18. The suggested presence of low and high frequency 
components to the overal l p ro f i l es is summarised in tables 4.19 and 4.20. 
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CHAPTER 5 
COMPUTER FITTING TO THE SPECTRAL PROFILES 
FOR TETRA-N-ALKYLAMMONIUM 
SALTS 
5.1 Band f i t t i n g theory 
In chapter 4 i t was seen that the pro f i les of the absorptio 
bands fo r tetra-n-alkylammonium sal ts in various solvents indicated the 
presence of more than one component. In order to study the interact ions 
occurring fo r these systems the concentration dependence of the indiv idual 
components has been determined. The resolut ion process was achieved by 
using computer band- f i t t ing techniques, which are described in th i s chapter 
Two basic mathematical functions can be used to represent 
the p r o f i l e of an absorption band. These are the Cauchy and Gaussian funct-
ions, which in the i r simplest forms are; 
Cauchy y = a / (b 2 +c 2 ) 5.1 
2 2 
Gaussian y = a.exp(-b /c ) 5.2 
Strong (65) used both the Cauchy and Gaussian funct ions, and also a sum 
funct ion containing both Cauchy and Gauss components, in his band f i t t i n g 
studies. These functions were given as (65); 
Cauchy C(v) = a / { b 2 + ( v - v 6 ) 2 } 5.3 
where v = wavenumber of band maximum o 
2b = ( A v , c f 1 
A v i r = band width of Cauchy component at hal f peak height 
2 
a/b = peak height 
Gauss G(v) = a / b 2 . e x p { - l n 2 ( v - v Q / b ) 2 } 5.4 
where b = 2( ln2)^ /Av, „ 
A v i r = band width of Gauss component at hal f peak height 
Sum funct ion S(v) = f .G(v) + ( l - f ) . C ( v ) 5.5 
where f = f rac t ion Gauss 
Pitha and Jones (66) used a product funct ion to represent the band p r o f i l e , 
where; 
P(v) = h . e x p { - X 2 2 ( v - v Q ) 2 } / { l + X 1 2 ( v - v o ) 2 } 5.6 
where h = peak height 
X1 = 1 /JAVJ G 
Hi 
X 2 = l n 2 / ( i A V i G ) 2 
Seshadii and Jones (67) represented the Cauchy and Gauss functions by; 
Cauchy K (v) = X ^ l + X ^ v - X ^ 2 } 5.7 
Gauss K (v) = X r e x p { - X 4 2 ( v - X 2 ) 2 } 5.8 
where X^  = peak height 
X^ = wavenumber of band maximum 
X 3 = ( b Cauchy ) _ 1 = 0 f o r p u r e G a u s s 
X 4 2 = 1 n 2 / ( b G a u s s ) 2 = 0 fo r pure Cauchy 
The Cauchy-Gauss product and sum functions were represented as; 
Product K (v) = X 1 / { 1 + X 3 2 ( v - X 2 ) 2 . e x p { - X 4 2 ( v - X 2 ) 2 } 5.9 
Sum K s (v) = X 1 / { l +X 3 2 ( < ; -X 2 ) 2 } + X 5 . e x p { - X 4 2 ( v - X 2 ) 2 } 5.10 
For the sum funct ion 
X^  = peak height of Cauchy component 
X,- = peak height of Gauss component 
Now eqn. 5.3 can be rewr i t ten as; 
C(v) = a / b 2 { l + b 2 ( v - v Q ) 2 } 5.11 
Eqns. 5.7 and 5.11 can now be compared; 
2 
X.j = a/b = peak height 5.12 
X0 = b = 2 / A v i r . 5.13 3 |Cauchy 
Eqns. 5.4 and 5.8 can be compared; 
2 
X1 = a/b = peak height 5.14 
X 4 = (ln2)Vb = 2( ln2)*/Av G a u s s = 1 .665/Av J G 5.15 
To demonstrate the di f ference between the Cauchy and Gauss p r o f i l e s , these 
have been plot ted as a funct ion of wavenumber fo r a peak height of 0.1 un i t s , 
band centre 100 cm~^ and half-band width 50 cm \ Eqn. 5.7 was used to 
obtain the Cauchy p r o f i l e wi th parameters X^  = 1.0, X 2 = 100.0 and X^ = 0.04 
(X_ = 2/Ax^). The Gauss p r o f i l e was obtained using eqn. 5.8 with parameters 
X1 = 1.0, X 2 = 100.0 and X 4 0.0333 (X 4 = 1 .665/AvJ. The p ro f i l es are given 
in table 5 . 1 , and the data was plot ted as a funct ion of wavenumber in f i g . 
5 . 1 . This f igure shows c lear l y the di f ference between the p r o f i l e s , and shows 
1\^> 
Table 5.1 Cauchy and Gauss p r o f i l e s ^ = 1.0, X 2 = 100, X 3 = 0.04, 
X 4 = 0.0333). 
wavenumber ^Cauchy Gauss wavenumber 
0 0.0588 0.0000 200 
5 0.0692 0.0001 195 
10 0.0716 0.0001 190 
15 0.0797 0.0003 185 
20 0.0890 0.0008 180 
25 0.1000 0.0020 175 
30 0.1131 0.0044 170 
35 0.1288 0.0093 165 
40 0.1479 0.0183 160 
45 0.1712 0.0347 155 
50 0.1996 0.0626 150 
55 0.2358 0.1059 145 
60 0.2808 0.1697 140 
65 0.3378 0.2572 135 
70 0.4099 0.3690 130 
75 0.5000 0.5000 125 
80 0.6098 0.6421 120 
85 0.7354 0.7788 115 
90 0.8620 0.8949 110 
95 0.9616 0.9724 105 
100 1.0000 1.0000 
an (T 
Li en 
2 
O 
LU z O oo 
O C co U J > N t oo O <r o o o O o X o C ) rr T 
i ii i ii 
X X X X n <3 
uo z < 
rn 
cO 
l O Z ) 
3 < 
c o 
n 
z 
x 
T 
o 3 < 
LiJ cr z 
< CL 00 
c r T 
Oo 0 0 CM 
LO l O C O o en 
L l 
1\% 
t h a t a l a r g e r p e r c e n t a g e o f t h e a rea under t h e Gauss p r o f i l e o c c u r s w i t h i n 
t h e h a l f - b a n d w i d t h , t h a n f o r t h e Cauchy p r o f i l e . The Cauchy p r o f i l e i s 
more i n t e n s e i n t h e w i n g s t h a n i s t h e Gauss p r o f i l e . 
The i n t e n s i t y o f a band can be c a l c u l a t e d f r o m t h e a r e a 
under t h e a b s o r p t i o n c u r v e , and can be d e t e r m i n e d f r o m t h e band p r o f i l e 
by i n t e g r a t i n g t h e f u n c t i o n r e p r e s e n t i n g t h e p r o f i l e between t h e wavenumber 
l i m i t s o f t h e b a n d . 
For t h e Cauchy p r o f i l e ; 
a r e a = i n t e g r a l = ' a / { ( v - v ) + b } . d v 5 .16 
T h i s i n t e g r a t i o n was p e r f o r m e d by complex i n t e g r a t i o n t e c h n i q u e s ( r e f . 6 8 , 
c h a p t e r 7 and r e f . 6 9 , c h a p . 1 7 ) . The i n t e g r a l was f i r s t w r i t t e n a s ; 
I = O / ( v - v 0 + b j ) ( v - v 0 - b j ) 5 .17 
i 
where j = ( -1 ) 2 
The i n t e g r a l was t h e n f o u n d as I = 2TTjEresi d u a l s a t t h e p o i n t s o f s i n g u l a r i t y . 
A p o i n t o f s i n g u l a r i t y i s o b t a i n e d when t h e d e n o m i n a t o r o f t h e f u n c t i o n 
t e n d s t o z e r o . 
when v = v Q + b j t h e n a / ( v - v Q + b j ) ( v - v - b j ) t e n d s t o i n f i n i t y 
s i n c e v - v Q - b j = 0 
Hence v = v Q + b j was a p o i n t o f s i n g u l a r i t y w i t h i n t h e r e g i o n , w h i c h i n 
t h i s case was a s e m i - c i r c l e i n t h e uppe r h a l f o f t h e complex p l a n e mounted 
on t h e r e a l a x i s , and was t h e o n l y p o i n t o f s i n g u l a r i t y i n t h i s r e g i o n f o r 
t h i s f u n c t i o n . 
T h e r e f o r e I = 2 i r j ( r e s i d u e f o r v = v Q + b j ) 
Now r e s i d u e = _ l i m a ( v - v Q - b j ) / ( v - v - b j ) f C - v 0 + k j ) 
v + v Q + b j 0 
= _ l i m a / ( v - v + b j ) 
v - * v o + b j 
= a / ( v + b j - v 0 + b j ) 
T h e r e f o r e r e s i d u e = a / 2 b j 
I = 2TTja /2b j = Tra/b 
Area = I = n a / h 5 .18 
I n t h e S e s h a d i i and Jones n o t a t i o n ( 6 7 ) t h i s becomes; 
Cauchy a rea = T T X - J / X ^ 5 .19 
For t h e Gauss p r o f i l e ; 
Area = I = f*° a / b 2 . e x p { - l n 2 ( v - v / b ) 2 } . d v 5 .20 
T h i s can be i n t e g r a t e d by s u b s t i t u t i o n ; 
l e t x = V - V q t h e n by d i f f e r e n t i a t i o n d x / d v = 1 i . e . dx = dv 
T h e r e f o r e I = a / b 2 e x p { - l n 2 ; . x 2 / b 2 } . d x 5 .21 
2 4 
mak ing a f u r t h e r s u b s t i t u t i o n y = ( l n 2 / b ) 2 . x 
t h e r e f o r e y 2 = l n 2 . x 2 / b 2 d y / d x = ( l n 2 / b 2 ) ^ 
dx = d y . ( b 2 / l n 2 ) 2 
r e w r i t t i n g e q n . 5 .21 g i v e s ; 
1 = a / b 2 f + Z e x p { - y 2 } . ( b 2 / l n 2 ) l . d y 5 .22 
I = a / b ( l n 2 ) * e x p { - y 2 } . d y 5 .23 
T h i s i s now a s t a n d a r d i n t e g r a l ( 6 8 , 6 9 ) ; 
2 
,+°° -U . i 
/ e . du = IT 
-00 
T h e r e f o r e I = a T r * / b ( l n 2 ) * 
Area = I = a / b ( 7 T / l n 2 ) * 5 .24 
I n t h e S e s h a d i i and Jones n o t a t i o n ( 6 7 ) t h i s becomes; 
Area = A x ^ 
Area = 1 . 7 7 2 X 1 / X 4 5 .25 
5 .2 P r e l i m i n a r y f i t s and p r e c i s i o n t e s t s 
The abso rbance as a f u n c t i o n o f wavenumber d a t a o b t a i n e d 
f r o m t h e DCH0512 programme ( 2 7 ) was a n a l y s e d u s i n g t h e P i t h a and Jones 
PCI 18 S p e c t r a l Band F i t O p t i m i s a t i o n Programme No. 3 ( 7 0 ) . T h i s programme 
matches t h e e x p e r i m e n t a l band p r o f i l e t o t h e o v e r a l l p r o f i l e o b t a i n e d f r o m 
t h e sum o f t h e component b a n d s . Guessed v a l u e s f o r X ^ ( t h e peak h e i g h t ) , 
X ^ ( t h e band c e n t r e ) and X ^ ( c o n t r o l l i n g t h e Cauchy h a l f - b a n d w i d t h ) o r 
X ^ ( c o n t r o l l i n g t h e Gauss h a l f - b a n d w i d t h ) were f e d t o t h e programme a f t e r 
t h e e x p e r i m e n t a l abso rbance d a t a . The programme g e n e r a t e s t h e abso rbance 
p r o f i l e f o r t h e component bands and t h e n sums t h e s e t o g i v e t h e t o t a l f i t t e d 
110 
p r o f i l e . T h i s i s t h e n compared w i t h t h e e x p e r i m e n t a l p r o f i l e , and t h e 
mean d i s c r e p a n c e c a l c u l a t e d . The mean d i s c r e p a n c e i s t h e sum o f t h e d i f f -
e r e n c e s between e x p e r i m e n t a l and f i t t e d p r o f i l e s , and t h u s t h e ' d i s ' f a c t o r 
measures t h e p r e c i s i o n o f t h e f i t . An i t e r a t i v e p r o c e s s changes t h e 
i n p u t t e d v a r i a b l e s , and ' d i s ' i s m i n i m i s e d t o g i v e t h e ' b e s t ' f i t . The 
i t e r a t i v e p rocess i s c o n t r o l l e d by 3 p a r a m e t e r s , UP, DOWN and CHANGE, w h i c h 
d e t e r m i n e how t h e wavenumber, h a l f - b a n d w i d t h and peak h e i g h t f o r t h e 
v a r i o u s components were v a r i e d i n t h e s e a r c h f o r t h e b e s t f i t . These 
p a r a m e t e r s were f i x e d t h r o u g h o u t o u r s t u d y as UP = 1 0 0 0 . 0 , DOWN = 0 .01 and 
CHANGE = 0 . 5 . The s y m m e t r i c a l t r i a n g u l a r s l i t f u n c t i o n was used t h r o u g h o u t , 
and a s p e c t r a l s l i t w i d t h o f 2 . 5 cm ^ was used f o r t h e p a r a m e t e r SSW, f o r 
t h e a b s o r p t i o n p r o f i l e s o b t a i n e d f r o m i n t e r f e r o g r a m s w i t h a t o t a l o f 1024 
p o i n t s (see c h a p t e r 3 ) . 
The obse rved f a r - i n f r a r e d bands f o r t h e t e t r a - n - a l k y l a m m o n -
ium s a l t sys tems were f i t t e d t o p u r e gauss componen ts , s i n c e t h e r e appeared 
t o be no a p p r e c i a b l e a b s o r p t i o n i n t h e w ings o f t h e b a n d s . The f i t t i n g o f 
t h e a b s o r p t i o n p r o f i l e s t o Gauss f u n c t i o n s must be c o n s i d e r e d c a r e f u l l y . 
I t was p o s s i b l e t o o b t a i n a c l o s e f i t t o Gauss f u n c t i o n s f o r a Cauchy p r o f i l 
where t h e r e had been c o n s i d e r a b l e t r u n c a t i o n o f t h e w i n g s o f t h e b a n d . 
T r u n c a t i o n o f t h e w ings a l m o s t c e r t a i n l y o c c u r r e d f o r t h e t e t r a - n - a l k y l -
ammonium s a l t s s p e c t r a , due t o b a s e l i n e f i t t i n g e r r o r s f o r t h e v e r y b r o a d 
a b s o r p t i o n s (see c h a p t e r 3 ) . The f i t s c o u l d t h u s o n l y be used as a means 
f o r g a i n i n g b a n d . p a r a m e t e r s f o r c o m p a r i s o n w i t h t h o s e o b t a i n e d u s i n g t h e 
same p r o c e d u r e s f o r o t h e r s y s t e m s . The f i t s c o u l d n o t be used t o d e t e c t t h e 
p e r c e n t a g e o f a band w h i c h was o f Cauchy o r Gauss p r o f i l e , and t h u s c o u l d 
n o t be used t o a s s i s t i n t h e d e t e r m i n a t i o n o f t h e mode o f i n t e r a c t i o n s i n 
t h e s e s y s t e m s . The f i t t i n g p r o c e d u r e s were t h u s used o n l y as a means o f 
r e s o l v i n g t h e o v e r l a p p i n g b a n d s . The f i t s were t h e n used t o g i v e band c e n t r e 
h a l f - b a n d w i d t h s and a r e a s , f r o m w h i c h i n t e n s i t i e s were c a l c u l a t e d f o r t h e 
componen ts . 
The sum f u n c t i o n o f e q n . 5 .9 was used f o r a few p r e l i m i n a r y 
f i t s f o r t h e systems B u 4 N + C l ~ i n b e n z e n e , CHC1 3 and C C l ^ . A l l t h e f i t t e d 
p r o f i l e s had a p p r o x i m a t e l y 90% Gauss and 10% Cauchy componen ts . The sum 
f u n c t i o n was n o t f u r t h e r used be cause i t i n v o l v e d f i x i n g t h e r a t i o o f 
Cauchy and Gauss component h a l f - b a n d w i d t h s , v i a t h e p a r a m e t e r CAY. T h i s 
r e s t r i c t i o n seemed t o us t o be u n d e s i r a b l e , and so t h e sum f u n c t i o n was 
n o t used f u r t h e r . The p r o d u c t f u n c t i o n p roved f a r t o o c o m p l i c a t e d f o r t h e 
r e s o l u t i o n o f o v e r l a p p i n g b a n d s , and was n o t used a f t e r a few p r e l i m i n a r y 
t r i a l s . 
F i r s t l y , t h e 21 s p e c t r a r e c o r d e d f o r 0 . 5 mol dm d B u ^ N T C l ~ i n 
benzene (see c h a p t e r 4 ) were f i t t e d t o a p r o f i l e c o n t a i n i n g 3 p u r e Gauss 
b a n d s . The band c e n t r e s were i n p u t t e d as 7 5 , 115 and 180 cm ^ . V a r i o u s s e t s 
o f p a r a m e t e r s were t h e n f e d i n w i t h t h e b a n d s , and t h e l o w e s t d i s c r e p a n c e 
v a l u e t a k e n as t h e b e s t f i t t o t h e e x p e r i m e n t a l d a t a . The i n p u t d a t a was 
v a r i e d w i d e l y f o r d i f f e r e n t r u n s , e x c e p t t h a t t h e band c e n t r e s were f i x e d 
t o w i t h i n 5 cm ^ o f t h e above v a l u e s . The b e s t f i t s were o b t a i n e d f r o m 
p a r a m e t e r s showing a h i g h deg ree o f c o n s i s t e n c y f o r t h e 21 s p e c t r a . 
V a r i o u s t e s t s were run t o d i s c o v e r t h e e f f e c t o f t h e i n p u t 
p a r a m e t e r s chosen on t h e f i n a l f i t t e d p a r a m e t e r s . The f o l l o w i n g t e s t s were 
c o n d u c t e d on a pu re Gauss p r o f i l e g e n e r a t e d w i t h band c e n t r e 70 c m " ^ , h a l f -
band w i d t h 70 cm~^ and peak abso rbance 1 u n i t , o v e r l a p p e d by a second band 
o f pure Gauss p r o f i l e w i t h band c e n t r e 120 cm \ h a l f - b a n d w i d t h 70 cm ^ and 
peak abso rbance 1.0 u n i t . The i n p u t t e d band c e n t r e was f o u n d t o d e t e r m i n e 
t h e f i t more t h a n t h e h a l f - b a n d w i d t h o r peak h e i g h t . The band c e n t r e was 
f o u n d t o be r e t u r n e d t o t h e same o u t p u t v a l u e o n l y when t h e guessed v a l u e 
was w i t h i n 15 cm~^ f o r t h e h a l f - b a n d w i d t h o f 70 cm \ The v a l u e s o f guessed 
h a l f - b a n d w i d t h s c o u l d be v a r i e d between 20 and 200 cm ^ and y e t s t i l l gave 
t h e same o u t p u t v a l u e o f 70 cm \ L i k e w i s e , t h e peak h e i g h t c o u l d be v a r i e d 
between 0 . 1 and 5 abso rbance u n i t s and s t i l l be r e t u r n e d t o t h e c o r r e c t 
o u t p u t v a l u e o f 1 abso rbance u n i t . No f u r t h e r a t t e m p t s were made t o t e s t 
how f a r t h e i n p u t v a l u e s c o u l d d e v i a t e f r o m t h e i r t r u e v a l u e and y e t g i v e 
M 
t r u e o u t p u t v a l u e s f o r a m u l t i p l e band s y s t e m , s i n c e t h i s w i l l v a r y w i t h 
t h e o v e r l a p o f t h e bands and t h e r e l a t i v e h a l f - b a n d w i d t h s and peak h e i g h t s . 
Such t e s t s wou ld t hus o n l y be v a l i d f o r a g i v e n c o n c e n t r a t i o n o f a b s o r b i n g 
s p e c i e s f o r a g i v e n s y s t e m . Presumab ly t h e guessed h a l f - b a n d w i d t h s and 
peak h e i g h t s w i l l have t o be much c l o s e r t o t h e i r t r u e v a l u e s t h a n t h o s e 
i n d i c a t e d i n t h e t e s t f o r t h e component bands o f a m u l t i p l e p r o f i l e . The 
t e s t s were c o n d u c t e d on a g e n e r a t e d b a n d , and n o t w i t h an e x p e r i m e n t a l 
b a n d , w h i c h has a s s o c i a t e d w i t h i t an i n h e r e n t n o i s e l e v e l w h i c h w i l l 
d e c r e a s e t h e range o v e r w h i c h t h e i n p u t t e d guess w i l l be r e t u r n e d t o t h e 
t r u e v a l u e . 
I t was d e c i d e d t h a t t h e component band c e n t r e s must be chosen 
t o w i t h i n 5 cm ^ o f t h e i r t r u e v a l u e s , and t h e h a l f - b a n d w i d t h s t o w i t h i n 
20 cm ^ and t h e peak h e i g h t s t o w i t h i n 0 . 2 abso rbance u n i t s o f t h e i r t r u e 
v a l u e s . These v a l u e s b e i n g chosen f o r bands i n t h e 50 t o 200 cm"^ r e g i o n , 
w i t h h a l f - b a n d w i d t h s o f 50 t o 100 cm ^ and peak h e i g h t s between 0 . 2 and 
1.5 absorbance u n i t s . Thus,many d i f f e r e n t i n p u t v a l u e s w i t h band c e n t r e s 
v a r y i n g i n 5 cm ^ s t e p s were t r i e d f o r each a b s o r p t i o n p r o f i l e , and t h e r e -
p r o d u c i b i l i t y o f t h e o u t p u t v a l u e s was used as a t e s t f o r t h e i r v i a b i l i t y . 
The h a l f - b a n d w i d t h s were v a r i e d i n 20 cm ^ s t e p s . 
The d a t a o b t a i n e d f r o m t h e b e s t f i t s f o r t h e 21 s p e c t r a o f 
0 . 5 mol dm 3 B u ^ N + C l " i n benzene f o r t h e 7 5 , 115 and 180 cm 1 components 
a r e shown i n t a b l e s 5 . 2 , 5 .3 and 5 . 4 r e s p e c t i v e l y . The c e n t r e o f t h e compo-
n e n t was o b t a i n e d d i r e c t l y as X ^ , and t h e h a l f - b a n d w i d t h was o b t a i n e d by 
use o f e q n . 5 .15 f r o m t h e o u t p u t t e d v a l u e o f X ^ . The a r e a under t h e component 
band was c a l c u l a t e d by use o f e q n . 5 . 2 5 . I t s h o u l d be n o t e d t h a t t h e 
programme DCH0512 used t o o b t a i n t h e abso rbance as a f u n c t i o n o f wavenumber 
p roduces abso rbance on a n a t u r a l l o g a r i t h m n s c a l e , and hence t h e a reas 
o b t a i n e d were a l l m u l t i p l i e d by 2 .303 t o g i v e t h e d a t a f o r a common l o g a r t h -
mic s c a l e . T h i s e n a b l e d t h e a reas o b t a i n e d t o be compared w i t h t h o s e 
o b t a i n e d i n c h a p t e r 3 . 
T a b l e 5 . 2 Band f i t t i n g p r e c i s i o n t e s t s 
70 cm"^ component B u . N + C l " i n benzene L = 0 .021 cm 
s o l u t i o n c o n c e n t r a t i o n c e n t r e a rea 
number 
- 3 
/mo l dm / c m " ^ / cm ^ / cm ^ 
1 0 .500 7 3 . 4 73 .1 5 4 . 2 
7 1 . 4 6 1 . 0 4 8 . 5 
6 2 . 1 62 .1 5 8 . 6 
6 7 . 7 6 6 . 2 5 3 . 6 
2 0 . 4 9 8 7 7 . 2 6 9 . 8 5 8 . 2 
7 3 . 2 6 5 . 3 59 .1 
6 7 . 7 7 0 . 8 6 9 . 2 
6 9 . 9 7 4 . 6 1 0 0 . 8 
3 0 . 4 9 8 7 3 . 8 7 5 . 9 5 6 . 4 
7 4 . 2 6 9 . 3 7 3 . 9 
6 9 . 8 6 1 . 1 6 1 . 9 
6 7 . 5 6 3 . 8 6 1 . 4 
4 0 . 4 9 8 7 1 . 1 6 4 . 9 5 6 . 0 
6 8 . 6 6 7 . 7 6 3 . 8 
7 1 . 0 6 1 . 6 57 .1 
6 7 . 3 6 7 . 6 6 7 . 9 
6 8 . 0 6 5 . 2 6 4 . 4 
5 0 . 5 0 6 7 0 . 8 59 .1 3 8 . 8 
7 0 . 0 6 0 . 9 3 7 . 0 
7 3 . 4 68 .1 4 6 . 7 
71 .7 6 1 . 9 4 4 . 5 
T a b l e 5 .3 P r e c i s i o n t e s t s 
116 cm"^ component B u . N + C l " i n benzene L = 0 .021 cm 
s o l u t i o n c o n c e n t r a t i o n c e n t r e a rea 
number 
-3 
/mo l dm /cm ^ / cm ^ /cm ^ 
1 0 .500 1 1 7 . 9 5 3 . 5 4 5 . 9 
1 1 5 . 9 53 .7 6 2 . 1 
114 .5 58 .1 8 7 . 2 
1 1 4 . 4 5 2 . 4 5 7 . 5 
2 0 .500 118 .7 5 0 . 8 4 5 . 6 
117 .2 5 2 . 5 5 4 . 8 
116 .0 58 .5 8 0 . 6 
117 .2 5 4 . 9 7 4 . 2 
3 0 .498 114 .8 55 .3 5 6 . 5 
1 1 7 . 8 5 0 . 2 5 6 . 5 
1 1 6 . 8 5 1 . 8 7 0 . 2 
1 1 6 . 0 55 .7 7 9 . 5 
4 0 .498 116 .2 5 5 . 6 6 7 . 8 
116 .3 5 8 . 0 73 .7 
116 .4 54 .1 6 6 . 5 
1 1 5 . 8 5 3 . 9 6 6 . 6 
1 1 5 . 9 53 .4 7 0 . 9 
5 0 .506 116 .3 5 1 . 5 4 4 . 8 
115 .1 5 0 . 8 3 8 . 5 
117 .2 5 3 . 0 4 6 . 9 
115 .7 5 1 . 9 4 8 . 7 
116 
T a b l e 5 . 4 Band f i t t i n g p r e c i s i o n t e s t s 
180 cm ^ component Bu.N + C1 i n benzene L = 0 .021 cm 
s o l u t i o n c o n c e n t r a t i o n c e n t r e a rea 
number 
- 3 
/mo l dm /cm ^ / cm /cm ^ 
1 0 .500 183 .7 8 1 . 6 3 6 . 2 
180 .2 7 7 . 0 3 8 . 9 
182 .3 7 4 . 9 4 3 . 4 
176 .7 90 .1 4 6 . 1 
2 0 . 4 9 8 179 .5 7 5 . 5 3 3 . 4 
176 .3 8 0 . 5 4 0 . 7 
181 .3 5 8 . 4 3 4 . 6 
181 .5 6 8 . 5 4 1 . 4 
3 0 . 4 9 8 181 .5 7 3 . 6 3 5 . 6 
176 .1 8 9 . 0 4 7 . 3 
179 .1 8 0 . 3 4 1 . 1 
181 .5 6 8 . 0 3 4 . 6 
4 0 . 4 9 8 179 .3 8 1 . 7 3 9 . 8 
1 7 9 . 8 78 .1 4 1 . 7 
178 .1 79 .7 3 8 . 5 
175 .8 9 4 . 0 5 6 . 9 
178 .5 7 7 . 0 4 1 . 0 
5 0 .506 1 8 2 . 8 8 1 . 5 2 9 . 9 
1 7 5 . 9 105 .0 3 6 . 3 
1 8 0 . 8 8 3 . 3 2 9 . 0 
181 .0 8 8 . 0 3 7 . 4 
The d a t a f o r c e n t r e , h a l f - b a n d w i d t h and a rea a l l showed a 
h i g h deg ree o f r e p r o d u c i b i l i t y , w h i c h s u g g e s t e d t h a t t h e f i t t i n g method 
was a v i a b l e one f o r t h e systems s t u d i e d . The d a t a was used t o d e t e r m i n e 
t h e p r e c i s i o n o f t h e band c e n t r e , h a l f - b a n d w i d t h and a rea as f o r t h e t o t a l 
band p r o f i l e p a r a m e t e r s , so t h a t c o n c e n t r a t i o n and t e m p e r a t u r e s t u d i e s 
c o u l d be a t t e m p t e d . These p r e c i s i o n s a r e shown i n t a b l e 5 . 5 , where t h e 
mean a rea and r o o t mean square d e v i a t i o n s a re a l s o shown. The r o o t mean 
squa re d e v i a t i o n s were c a l c u l a t e d by use o f e q n . 4 . 3 , f o r c o m p a t a b i l i t y 
w i t h t h e d a t a o f c h a p t e r 4 . 
5 . 3 3 pu re Gauss components f i t f o r B u ^ N + C l ~ i n benzene . E f f e c t o f c o n c e n -
t r a t i o n . 
The a b s o r p t i o n p r o f i l e s . , f o r t h e s p e c t r a o f Bu^N + Cl a t v a r i o u s 
c o n c e n t r a t i o n s i n benzene o b t a i n e d w i t h a p a t h l e n g t h o f 0 .021 cm,were f i t t e d 
t o a p r o f i l e w h i c h was t h e sum o f 3 pu re Gauss componen ts . The low f r e q u e n c y 
band was guessed as c e n t r e 70 and h a l f - b a n d w i d t h 66 cm ^ . The c e n t r a l 
component was p o s i t i o n e d a t 116 cm"^ w i t h a h a l f - b a n d w i d t h o f 54 c m " ' ' . The 
h i g h f r e q u e n c y t a i l component was g i v e n c e n t r e 180 cm ^ and h a l f - b a n d 
w i d t h 80 c m - 1 . F i g 5 .2 shows a t y p i c a l f i t f o r 0 . 7 0 mol d m - 3 B u 4 N + C l ~ i n 
benzene f o r t h e 3 component b a n d s . T a b l e s 5 .6 t o 5 .11 show t h e d a t a o b t a i n e d 
f o r t he b e s t f i t s f o r t h e 33 s p e c t r a r e p r e s e n t i n g t h e 20 c o n c e n t r a t i o n s o f 
Bu^N + Cl i n benzene between 0 .21 and 1.40 mol dm 3 . T a b l e 5 .6 shows t h e 
f i t t e d c e n t r e f o r each s p e c t r u m , t o g e t h e r w i t h t h e ave rage c e n t r e f o r 
each c o n c e n t r a t i o n . The h a l f - b a n d w i d t h and ave rage h a l f - b a n d w i d t h a r e 
s i m i l a r l y d e t a i l e d . 
To d e t e r m i n e t h e e f f e c t o f c o n c e n t r a t i o n on t h e c e n t r e o f 
t h e low f r e q u e n c y componen t , t h e f i t t e d band c e n t r e was p l o t t e d as a 
f u n c t i o n o f c o n c e n t r a t i o n . T h i s g raph i s shown i n f i g . 5 . 3 . The e r r o r 
p l o t t e d was ±3 cm \ as c a l c u l a t e d i n t h e p r e c i s i o n t e s t s and shown i n 
t a b l e 5 . 5 . The e r r o r was c o n s i d e r e d t o be c o n s t a n t t h r o u g h o u t t h e c o n c e n -
t r a t i o n r a n g e , and t h e t r e a t m e n t was t h u s c o m p a t a b l e w i t h t h a t f o r t h e 
11") 
T a b l e 5 .5 R e s u l t s o f p r e c i s i o n t e s t s f o r compu te r s e p a r a t e d bands 
0 . 5 mol d m " 3 B u . N + C l " i n C C H C L = 0 .021 cm T = 293K 
c e n t r e 70±3 116±1 180±2 
66±5 54±2 80±10 
2 
area 59±13 62±13 39±16 
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t o t a l p r o f i l e d e t a i l e d i n c h a p t e r 4 . The g raph showed t h a t t h e band c e n t r e 
was i n d e p e n d e n t o f c o n c e n t r a t i o n , t h r o u g h o u t t h e range s t u d i e d . The mean 
c e n t r e was 73 c m " \ and t h e r o o t mean square d e v i a t i o n ±1 cm~\ The 
l a r g e r d i s c r e p a n c i e s i n band c e n t r e o c c u r r e d be low 0 . 4 mol dm , and were 
p r o b a b l y due t o t h e low i n t e n s i t y o f t h i s componen t , w h i c h make t h e 
b a s e l i n e e r r o r s more c r u c i a l . These v a l u e s c l e a r l y s u p p o r t e d t h e v i e w t h a t 
i t was t h e a c t u a l e r r o r , and n o t t h e p e r c e n t a g e e r r o r , t h a t s h o u l d be used 
i n t h e s e s t u d i e s , s i n c e t h e maximum d i s c r e p a n c e o c c u r r e d a t low c o n c e n t r a t i o n . 
F i g . 5 . 4 shows t h e g r a p h f o r t h e h a l f - b a n d w i d t h d a t a o f t h e 
73 cm ^ component . The band w i d t h was seen t o r e m a i n a p p r o x i m a t e l y c o n s t a n t 
o v e r t h e c o n c e n t r a t i o n range s t u d i e d . Once a g a i n t h e g r e a t e s t d e v i a t i o n s 
f r o m t h e mean v a l u e o f 72±8 cm 1 were seen t o o c c u r a t l ow c o n c e n t r a t i o n s . 
T a b l e 5 .7 shows t h e a rea and i n t e n s i t y d a t a f o r t h e low f r e q -
uency componen t . F i g 5 . 5 shows t h e i n t e n s i t y p l o t t e d a g a i n s t c o n c e n t r a t i o n . 
T h i s g raph s u g g e s t e d t h a t t h e i n t e n s i t y o f t h e component i n c r e a s e d w i t h 
i n c r e a s i n g c o n c e n t r a t i o n . The v a r i a t i o n o f i n t e n s i t y w i t h c o n c e n t r a t i o n 
was seen t o r e l y c r i t i c a l l y upon t h e low c o n c e n t r a t i o n d a t a , and so t h e 
r e s u l t had t o be c o n s i d e r e d c a r e f u l l y . I n an e f f o r t t o c l a r i f y t h e s i t u a t i o n 
t h e a rea under t h e component was p l o t t e d as a f u n c t i o n o f c o n c e n t r a t i o n . I f 
t h e i n t e n s i t y was i n d e p e n d e n t o f c o n c e n t r a t i o n t h e n such a p l o t w o u l d be 
l i n e a r . F i g . 5 .6 shows t h i s p l o t , w h i c h was s t i l l r a t h e r i n c o n c l u s i v e , 
b u t once a g a i n i n d i c a t e d t h a t t h e i n t e n s i t y i n c r e a s e d w i t h i n c r e a s i n g 
c o n c e n t r a t i o n , a l t h o u g h n o t m a r k e d l y s o . To o b t a i n a v a l u e f o r t h e i n t e n s i t y 
o f t h i s componen t , f o r c o m p a r i s o n w i t h o t h e r s y s t e m s , t h e BEERSLAW f i t t i n g 
programme was used t o g i v e t h e b e s t l i n e a r l e a s t squares f i t f o r t h e a r e a / 
c o n c e n t r a t i o n d a t a . The b e s t s t r a i g h t l i n e , u s i n g t h e o r i g i n as a v a l i d 
3 - 1 
p o i n t , i s marked w i t h an A i n f i g . 5 . 6 . The s l o p e was 1 2 4 . 9 ± 6 . 3 dm mol 
- 1 3 - 1 - 2 
cm , w h i c h gave an i n t e n s i t y B. o f 5 220±30 dm mol cm . The b e s t 
s t r a i g h t l i n e , u s i n g no r e s t r a i n t s , i s l a b e l l e d B i n t h e f i g u r e , and had a 
3 - 1 - 1 3 
s l o p e o f 1 3 3 . 0 ± 1 4 . 2 dm mol cm , g i v i n g an i n t e n s i t y B i o f 6±390 690 dm 
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mol cm . This once again suggested that the in tens i ty increased with 
concentrat ion, since the unrestrained f i t passed below the o r i g i n . 
Table 5.8 shows the f i t t e d band centre and half-band width of 
the central component, and f i g . 5.7 shows the e f fec t of concentration on 
the band centre. The band centre was seen to be invar iant with concentrat ion. 
The mean centre was calculated as 118±3 cm~\ F ig . 5.8 shows the p lo t of 
half-band width against concentration for the central component. The graph 
showed that the half-band width appeared to increase to a maximum at 0.8 
-3 -1 mol dm . The average half-band width was found to be 53±4 cm 
Table 5.9 shows the area and in tens i ty data fo r the 118 cm~^ 
component. F ig. 5.9 shows the in tens i t y as a funct ion of concentrat ion, 
and shows c lear ly that the in tens i t y of th is band increases with increas-
ing concentrat ion. To obtain an average value fo r the in tens i t y the area/ 
concentration data was used with the BEERSLAW programme. F ig . 5.10 shows 
3 -1 -1 
the f i t through the o r i g in wi th a slope of 113.5 dm mol cm , which 
3 -1 -2 
gave an in tens i ty B. of 4 740±250 dm mol cm . This f i t is label led A. 
The unrestr ic ted f i t is denoted by the l e t t e r B, and had a slope of 119.7 
3 - 1 - 1 3 -1 -2 
±12 dm mol cm , and an in tens i t y B. of 5 760±580 dm mol cm . 
Table 5.10 shows the band centre and half-band width fo r the 
high frequency component. The band centre was p lot ted as a funct ion of 
concentrat ion, and the graph is shown in f i g . 5 .11. This graph showed that 
the frequency of th is high frequency component did not depend upon the 
Bu^N+Cl concentrat ion. The mean band centre was found to be 181±6 cm \ 
the lower precision than for the other components being due to the low 
in tens i t y of th is component. Fig 5.12 shows the half-band width of the 181 
cm"'' component p lot ted as a funct ion of concentrat ion. The half-band width 
was seen to be invar iant with concentrat ion, and the mean value was ca lcu l -
ated as 72±19 cm \ Once again the low precision was due to the low in tens i ty 
of the high frequency t a i l component. 
Table 5.11 shows the area and in tens i ty data fo r the high f req -
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uency component. F ig. 5.13 shows the in tens i t y as a funct ion of concentrat-
ion . The in tens i t y of th is component was seen to be constant over the 
concentration range studied. The least squares analysis programme gave a 
3 -1 -1 
slope of 65.3±2.4 dm mol cm for the f i t , t a k i n g , t h e o r ig in as a va l id 
po in t . This f i t is denoted by the l e t t e r A in f i g . 5.14, and corresponds 
to an in tens i ty of 2 730±110 dm3 mol" 1 cm" 2 . A slope of 72.1+5.2 dm3 mol" 1 
cm ^ was obtained for the unrestr ic ted f i t B, and th is gave a value fo r the 
in tens i ty of 3 470±250 dm3 mol" 1 c m - 2 . 
The values fo r the band centres, half-band widths and in tens i t i es 
of the 3 components to the absorption p r o f i l e fo r Bu^N+Cl~ in benzene are 
summarised in table 5.29 at the end of th is chapter. 
5.4 3 pure Gauss component f i t fo r Bu 4N +Cl" in CHC13. Ef fect of 
concentration 
The absorption p ro f i l es fo r the spectra of Bu4N+Cl~ in CHC13 
at various concentrat ions, obtained using a 0.021 cm pathlength, were 
f i t t e d to a p r o f i l e which was the sum of 3 pure Gauss components, in an 
exactly analogous manner to that fo r the sa l t in benzene. The i n i t i a l input 
parameters fo r the f i t s were the same as those for the benzene solut ion 
spectra, i . e . bands centred at 70, 116 and 180 cm~\ with half-band widths 
of 66, 54 and 80 cnf^ respect ively. F ig. 5.15 shows a typical f i t to the 3 
components fo r the spectrum obtained fo r 0.70 mol dm"3 Bu^N+Cl" in CHCl^. 
Tables 5.12 to 5.17 show the data obtained fo r the 3 components fo r the 
best f i t fo r the 16 spectra at 8 concentrations of Bu^N+Cl" in CHCl^ between 
0.1 and 0.8 mol dm" 3 . 
Table 5.12 shows the f i t t e d centre and half-band width fo r the 
low frequency component. The f i t t e d centre is shown as a funct ion of 
concentration in f i g . 5.16. The errors shown are those calculated in the 
precision tests fo r Bu^N+Cl in benzene. The f i t t e d centre was seen to move 
to lower frequency with increasing concentrat ion, the centre occurring 
at 83±3 cm 1 at 0.1 mol dm 3 Bu 4N +Cl" and at 62±3 cm"1 at 0.8 mol dm" 3 . 
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Table 5 . 1 2 7 0 cm ^ component Bu/1N+Cl in CHCl,,. v„ and 
o O 2 
concn. 
_ 3 
/mol dm 
V 
0 
/cm ^ 
av. v 
0 
/cm ^ 
Av, 
/cm 
av. Av 1 
2 
/cm 
0 . 1 0 0 8 0 . 8 
o o n 
U J . J 
8 2 . 3 
6 0 . 0 
5 2 . 6 
5 6 . 6 
0 . 2 0 0 7 6 . 7 
7 2 . 2 
7 4 . 5 
4 7 . 1 
5 2 . 0 
4 9 . 5 
0 . 3 0 0 7 3 . 0 
7 3 . 5 
7 3 . 3 
4 0 . 9 
2 2 . 6 
3 1 . 7 
0 . 4 0 0 6 7 . 1 
7 2 . 5 
6 9 . 8 
4 1 . 8 
5 5 . 9 
4 8 . 8 
0 . 5 1 5 6 8 . 4 
6 3 . 4 
6 5 . 9 
5 8 . 6 
4 3 . 1 
5 0 . 9 
0 . 6 0 0 6 4 . 9 
6 4 . 1 
6 4 . 5 
5 9 . 5 
6 9 . 3 
6 4 . 3 
0 . 6 9 3 6 1 . 4 
7 2 . 8 
6 7 . 1 
5 4 . 2 
5 5 . 2 
5 4 . 7 
0 . 8 0 1 6 2 . 0 
6 2 . 5 
6 2 . 2 
4 6 . 2 
4 6 . 4 
4 6 . 3 
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The average band centre was calculated as 70±7 cm \ where the low precision 
was due to the dependence of band centre on sa l t concentrat ion. F ig . 5.17 
shows the p lo t of f i t t e d band width against concentrat ion, and showed that 
the half-band width was approximately constant, with a mean value of 50±11 
cm" 1 . 
Table 5.13 shows the area and in tens i t y data fo r the low f req -
uency component, and f i g . 5.18 shows the in tens i ty as a funct ion of concen-
t r a t i o n . The large uncertainty attached to each in tens i t y value prevents 
any concrete conclusions, but i t suggested that the in tens i t y of th is low 
frequency component may well have been invar ient wi th concentrat ion. The 
in tens i ty was determined for comparison wi th other systems, and was found 
to be 1 590±U0 dm3 mol" 1 cm" 2 from a slope of 33.U2.3 dm3 mol" 1 cm" 1 , fo r 
the least squares f i t wi th the o r i g in taken as a va l id po in t . This best f i t 
i s shown in f i g . 5.19 where i t i s marked wi th the l e t t e r A. The unrestr ic ted 
3 -1 -1 
f i t is denoted by the l e t t e r B, and had a slope of 37.5±4.8 dm mol cm , 
3 -1 -2 
which gave an in tens i ty of 1 800±300 dm mol cm . 
Table 5.14 shows the centre and half-band width data for the 
central component fo r the spectra of Bu 4N+Cl~ in CHC13» F ig . 5.20 shows 
the band centres as a funct ion of concentrat ion, and indicated that the band 
centre sh i f ted s l i g h t l y to lower frequency with increasing concentrat ion. 
-1 -3 
The band centre occurred at 116±1 cm for the 0.1 mol dm so lu t ion , and 
-1 -3 
at 113±1 cm fo r 0.8 mol dm , ind icat ing that the frequency s h i f t was 
small but s i g n i f i c a n t . The mean band centre was calculated as 114±1 cm" 1 . 
F ig . 5.21 shows the f i t t e d half-band width as a funct ion of concentrat ion, 
and shows that the half-band width increased with increasing concentrat ion. 
-1 -3 
The half-band width was 47±2 cm at 0.1 mol dm , and increased to 53±2 cm 
-3 -1 
at 0.8 mol dm . The mean half-band width was calculated as 50±2 cm . 
Table 5.15 shows the areas and in tens i t i es calculated for the 
central component. F ig . 5.22 shows these in tens i t i es as a funct ion of concen 
t r a t i o n , and indicated that the in tens i ty was not dependent upon the sa l t 
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Table 5.13 70 cm" component Bu4N+C1 in CHC13. area and in tens i t y 
(L = 0.021 cm) 
concn. area av. area i ntensi ty 
_3 
/mol dm /cm
 1 /cm ^ 3 -1 -2 /dm mol cm 
0.100 4.0 
2.4 
3.2 1 500±6 100 
0.200 4.8 
4.6 
4.7 1 100±3 100 
0.300 6.5 
1.8 
4.1 700±2 000 
0.400 8.9 
12.5 
10.7 1 300±1 500 
0.500 23.4 
11.4 
17.4 1 600±1 200 
0.600 26.9 
25.9 
26.4 2 100±1 000 
0.693 28.0 
25.0 
26.5 1 800±900 
0.801 22.4 
21.7 
22.1 1 300±800 
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Table 5.14 114 cm" component Bu,N +Cl" in CHC1_. v and Av1 
concn. V av. v Av, av. Av. 
0 0 1 i 
2 
-3 
/mol dm /cm ^ /cm ^ /cm ^ /cm 
0.100 115.4 46.9 
115.6 47.1 
115.7 47.2 
0.200 115.5 48.7 
115.0 48.2 
114.6 47.6 
0.300 114.2 47.4 
114.1 48.3 
114.0 49.3 
0.400 113.1 50.2 
114.0 49.7 
114.9 49.3 
0.515 114.2 49.1 
113.4 50.9 
112.7 52.7 
0.600 113.8 50.8 
114.3 51.2 
114.8 51.6 
0.693 112.8 53.6 
113.6 51.1 
114.5 48.7 
0.801 112.5 52.9 
112.7 52.7 
113.0 52.5 
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Table 5.15 114 cm component Bu.N+Cl~ in CHC1„ Area and in tens i ty 
(L = 0 .021 cm) 
0 
concn. area av. area in tens i ty 
_3 
/mol dm /cm ^ /cm ^ 
3 -1 -2 
/dm mol cm 
0.100 11.8 
11.9 5 700±6 200 
12.1 
0.200 25.1 
25.2 5 900±3 100 
25.2 
0.300 39.4 
38.7 6 100±2 100 
37.9 
0.400 54.8 
53.7 6 400+1 500 
52.6 
0.515 69.7 
74.4 6 900±1 200 
79.1 
0.600 83.1 
82.9 6 600±1 000 
82.8 
0.693 109.3 
98.3 6 800±900 
87.3 
0.801 119.8 
117.2 6 900±800 
114.7 
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concentrat ion. F ig . 5.23 shows the area as a funct ion of concentrat ion, 
with the resr ic ted f i t label led A and the unrestr ic ted f i t B. The slope 
3 -1 -1 
of the f i t through the o r ig in was 141.4±2.5 dm mol cm , g iv ing an 
3 -1 -2 
in tens i ty of 6 960±120 dm mol cm , and the unrestr ic ted slope was 150 
3 - 1 - 1 3 -1 -2 ±5.1 dm mol cm , giving an in tens i t y of 7 210±240 dm mol cm . 
Table 5.16 shows the centres and half-band widths for the 
best f i t s fo r the high frequency component of the absorption p r o f i l e in 
the spectra of Bu 4N+Cl~ in chloroform. F ig . 5.24 shows the band centre as 
a funct ion of concentrat ion, from which i t was deduced that the band centre 
was invar ient with concentrat ion. The mean band centre was calculated as 
175±7 cm \ where the low precision was due to the low in tens i ty of th is 
component. F ig . 5.25 shows the half-band width of the 175 cm"1 component 
as a funct ion of concentrat ion, and suggested that the half-band width of 
th is component was not affected by the concentrat ion. The mean half-band 
width was 84±16 cm" 1 . 
Table 5.17 shows the areas and in tens i t i es calculated fo r the 
high frequency component f o r Bu 4N +Cl" in CHC13. F ig . 5.26 shows the in tens i ty 
as a funct ion of concentrat ion, and showed that the in tens i ty was not 
dependent upon concentrat ion. A good l inear re la t ion was obtained fo r area 
against concentrat ion, as shown in f i g . 5.27, and the slope of the restrained 
3 "1 -1 i -1 
f i t was 29.8+2.1 dm mol cm , g iv ing an in tens i ty of 1 430±100 dm mol 
-2 3 -1 -1 cm . The unrestrained f i t gave a slope of 31.7±4.6 dm mol cm , which 
gave an in tens i t y of 1 520±220 dm3 m o l - 1 cm" 2 . 
The values for band centres, half-band widths and i n tens i t i es 
of the 3 components of the absorption p r o f i l e fo r the Bu 4N +Cl" in CHC13 
system are summarised in table 5.29 at the end of th is chapter. 
5.5 3 pure Gauss component f i t fo r Bu^N+Cl" in CC1^. Ef fect of 
concentration 
The absorption p ro f i l es fo r the spectra of Bu 4N +Cl" in CC14 
at various concentrat ions, obtained using a 0.021 cm pathlength, were 
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Table 5.16 175 cm" component Bu4N+C1~ in CHClj. V q and Av 
concn. V av. v Av. av. Av 
0 0 1 2" i 
/mol dm ^ /cm ^ /cm ^ /cm /cm 
0.100 162.7 75.5 
175.8 79.9 
188.9 84.2 
0.200 178.3 58.9 
173.9 92.4 
169.4 126.0 
0.300 166.3 76.2 
173.5 74.4 
180.6 72.5 
0.400 163.9 98.2 
171.7 84.2 
179.6 70.2 
0.515 169.6 104.2 
175.4 95.4 
181.2 86.5 
0.600 174.5 83.3 
175.9 83.0 
177.3 82.6 
0.693 180.1 100.1 
177.0 87.3 
173.8 74.4 
0.801 178.9 77.1 
178.3 74.6 
177.8 72.1 
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Table 5.17 175 cm component Bu^N CI in CHC1^. Area and in tens i ty 
(L = 0.021 cm) 
concn. area av. area in tens i ty 
/ mol dm /cm ^ /cm ^ 3 -1 -2 /dm mol cm 
0.100 2.9 
3.0 1 400±3 000 
3.0 
0.200 3.5 
4.7 1 100±1 400 
6.0 
0.300 4.8 
4.6 800±1 000 
4.4 
0.400 10.7 
9.0 1 100±700 
7.4 
0.515 25.9 
22.7 2 100±600 
19.6 
0.600 19.5 
19.2 1 500±500 
18.8 
0.693 20.6 
23.6 1 600±400 
26.7 
0.801 19.8 
19.0 1 100±400 
18.0 
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f i t t e d to a p r o f i l e , which was the sum of 3 pure Gauss components, in an 
exactly analogous manner to that used fo r the spectra in benzene so lu t ion . 
The i n i t i a l input parameters fo r the f i t s were the same as those used for 
the f i t s to the benzene solut ion spectra, namely bands centred at 70, 116 
and 180 cm \ with half-band widths of 66, 54 and 80 cm 1 respect ive ly. 
F ig . 5.27A shows a typ ica l f i t fo r the 3 components fo r the spectrum obtain-
ed for 0.69 mol dm - 3 Bu 4N +Cl" in CCl^. Tables 5.18 to 5.23 show the param-
eters obtained for the 3 components fo r the best f i t s to the 16 spectra at 
+ - -3 
8 concentrations of Bu^N CI in CCl^ between O.iO and 0.78 mol dm . 
Table 5.18 shows the f i t t e d band centre and half-band width fo r 
the low frequency component. The f i t t e d centre was p lo t ted as a funct ion of 
Bu^N+Cl sa l t concentrat ion, and the resul t ing graph is shown as f i g . 5.28. 
This graph suggested that there was a small decrease in wavenumber of the 
band centre with increasing concentrat ion. The centre occurred at 84±3 cm - 1 
-3 -1 -3 at 0.10 mol dm , and f e l l to 73±3 cm at 0.78 mol dm . The average band 
centre was calculated as 75±6 cm 1 fo r comparison with other systems. F ig . 
5.29 shows the half-band width as a funct ion of sa l t concentrat ion, and 
indicated that the half-band width was constant over the concentration 
range studied. The mean value of the half-band width was calculated as 
64±6 cm" 1 . 
Table 5.19 shows the area and in tens i ty data obtained from the 
parameters fo r the best f i t s . F ig . 5.30 shows the in tens i t y as a funct ion 
of concentration for the low frequency component, and indicated that the 
in tens i t y was invar ient with concentrat ion. F ig . 5.31 shows the expected 
l inear p lo t fo r area against concentrat ion. The l e t t e r A indicates the best 
f i t restrained to pass through the o r i g i n , which has a slope of 88.9±4.0 
3 - 1 - 1 3 -1 -2 
dm mol cm , which gave an in tens i t y of 4 270±190 dm mol cm . The 
3 -1 -1 
unrestr ic ted f i t had a slope of 76.0±7.9 dm mol cm , which gave an 
3 -1 -2 
in tens i t y of 3 650±380 dm mol cm . 
Table 5.20 shows the centre and half-band widths fo r the central 
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concn. V av. v av. Av 
0 0 i 
/mol cm~^ /cm ^ /cm ^ /cm ^ /cm ^ 
0.098 84.1 71.3 
83.7 67.5 
83.4 63.7 
0.196 83.2 49.7 
78.4 58.8 
73.6 67.9 
0.291 75.5 59.0 
78.1 63.4 
80.6 67.8 
0.392 69.4 59.9 
72.0 63.7 
74.6 67.6 
0.524 67.9 62.7 
71.3 63.4 
74.7 64.2 
0.581 76.1 64.4 
74.3 66.8 
72.5 69.3 
0.688 69.3 65.8 
69.7 63.2 
70.1 60.5 
0.783 78.5 68.0 
72.8 61.4 
67.1 54.7 
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Table 5.19 75 cm component Bu^N+C1 in CC1^ Areas and in tens i t i es 
(L = 0.021 cm) 
concn. area av. area in tens i ty 
_3 
/mol dm /cm
 1 /cm 1 3 -1 -2 /dm mol cm 
0.098 14.7 
13.4 6 500±6 300 
12.0 
0.196 15.4 
19.7 4 800±3 200 
24.0 
0.291 23.2 
28.5 4 700±2 100 
33.8 
0.392 42.5 
43.9 5 300±1 600 
45.2 
0.524 44.0 
42.9 3 900±1 200 
41.7 
0.581 50.6 
57.7 4 700±1 100 
64.7 
0.688 54.5 
57.2 4 000±900 
59.9 
0.783 77.8 
64.4 3 900±800 
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Table 5.20 116 cm 1 component Bu.N+C1 in CC1. v and v 
— H , , . .... H . 2 
concn. 
_3 
/mol dm 
V 
0 
/cm ^ 
av. v 
0 
/cm ^ 
Av, 
2 
/cm 
av. Avx 
2 
/cm 
0.098 119.6 
119.8 
119.7 
48.4 
48.8 
48.6 
0.196 119.5 
116.1 
117.8 
49.1 
53.4 
51.3 
0.291 116.8 
118.0 
117.4 
48.9 
39.3 
44.1 
0.392 114.0 
115.8 
114.9 
53.6 
53.4 
53.5 
0.524 113.2 
116.3 
114.8 
53.4 
53.0 
53.2 
0.581 116.1 
115.0 
115.5 
53.1 
53.5 
53.3 
0.688 115.1 
114.2 
114.7 
55.6 
53.0 
54.3 
0.783 116.4 
112.4 
114.4 
52.9 
54.6 
53.7 
n o 
component from the overal l p r o f i l e fo r the spectra of Bu^N+Cl~ in CCl^. 
F ig . 5.32 shows the band centres as a funct ion of concentrat ion, and 
indicated that the band centre sh i f ted s l i g h t l y to lower frequency with 
increasing sa l t concentrat ion. The band centre occurred at 120±1 cm"^ fo r 
-3 -1 -3 0.10 mol dm so lu t i on , and decreased to 114±1 cm fo r the 0.78 mol dm 
so lu t ions. The frequency s h i f t was seen to be smal l , and to be equivalent 
to that occurring in the Bu^N+Cl~ in CHCl^ system. The mean band centre 
was calculated as 116±2 cm \ F ig. 5.33 shows the graph obtained when the 
f i t t e d half-band widths were plot ted as a funct ion of concentrat ion. The 
half-band width was seen to be approximately constant, with the p o s s i b i l i t y 
of a s l i gh t increase wi th increasing concentrat ion. The band width was 49±2 
-1 -3 -1 -3 cm at 0.10 mol dm and 54±2 cm at 0.78 mol dm so lu t i on , ind icat ing 
that the increase was only j us t s i gn i f i can t . The mean half-band width 
was calculated as 52±4 c m " \ 
Table 5.21 shows the areas and in tens i t i es calculated for the 
best f i t s to the central component f o r the Bu^N+Cl" in CCl^ system. The 
in tens i t i es were p lot ted as a funct ion of concentrat ion, and the graph is 
shown in f i g . 5.34, which indicated that the in tens i t y was constant through-
out the concentration range studied. An accurate determination of the 
in tens i ty of th is component was made by p lo t t i ng the area against concentr-
3 -1 
at ion as usual. The unrestr ic ted f i t had a slope of 156.7±11.2 dm mol 
-1 3 -1 -2 
cm , which corresponded to an in tens i ty of 7 540±540 dm mol cm , and 
is denoted by the l e t t e r B in f i g . 5.35. The r e s t r i c t i o n that the best l i ne 
must pass through the o r ig in made l i t t l e d i f ference to the slope, which was 
3 - 1 - 2 3 -1 now 153.9±5.1 dm mol cm , and gave an in tens i t y of 7 400±250 dm mol 
_2 
cm . The equal slopes of the res t r i c ted and unrestr ic ted f i t s indicated 
fu r ther that the in tens i t y was constant fo r th is component. 
Table 5.22 shows the band centres and half-band widths fo r the 
best f i t s fo r the high frequency component of the absorption p r o f i l e in the 
spectra of Bu dN +Cl" in CC1 4. F ig . 5.36 shows the p lo t of the band centre 
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Table 5.21 116 cm" component Bu.N +Cl" in CC1.. Area and in tens i ty 
(L = 0.021 cm) 
concn. area av. area in tens i t y 
/mol dnf^ /cm ^ /cm ^ /dm mol cm 
0.098 11.0 
11.6 5 600±6 300 
12.3 
0.196 32.6 
29.4 7 100±3 200 
26.2 
0.291 54.3 
52.9 8 700±2 100 
51.5 
0.392 83.9 
74.1 9 000±1 600 
64.4 
0.524 68.7 
65.2 5 900±1 200 
61.7 
0.581 87.2 
89.7 7 400±1 100 
92.2 
0.688 108.5 
102.2 7 000±900 
96.0 
0.783 116.0 
127.8 7 800±800 
139.6 
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Table 5.22 184 cm" component Bu 4N +Cl" in CCl^ ^ and Av 
concn. V av. v Av^ av. Av, 0 0 i 
-3 
/mol dm /cm"
1 /cm 1 /cm 1 /cm 1 
0.098 184.9 71.0 
186.4 72.8 
188.0 74.6 
0.196 182.4 37.0 
182.8 63.8 
183.1 90.6 
0.291 189.2 69.7 
186.1 75.9 
183.0 82.0 
0.392 184.5 97.8 
183.5 85.2 
182.4 72.7 
0.524 176.1 89.0 
179.3 82.4 
182.5 75.9 
0.581 187.4 81.0 
183.8 85.0 
180.2 89.0 
0.688 184.2 65.7 
184.3 82.8 
184.3 99.8 
0.783 182.9 70.5 
182.4 79.5 
181.8 86.5 
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as a funct ion of concentrat ion, and th is indicated that the band centre 
sh i f ted s l i g h t l y to lower frequency with increasing concentrat ion. The band 
centre was 186±2 cm"1 at 0.10 mol dm"3 and f e l l to 182±2 cm"1 at 0.78 mol 
-3 
dm , the decrease only j us t being s i g n i f i c a n t . The mean band centre was 
calculated as 184±3 cm" 1 . The half-band width of the 184 cm"1 component 
was p lot ted as a funct ion of concentrat ion, and the resu l t ing graph is 
shown in f i g . 5.37, which indicated that the half-band width was unaffec-
ted by concentrat ion. The mean half-band width was calculated as 80±15 c m " 1 , 
the low precision being due to the small i n tens i t y of the 184 cm 1 
component. 
Table 5.23 shows the areas and in tens i t i es determined for the 
high frequency component fo r the Bu^N+Cl" in CCl^ system. The in tens i t y 
data was plot ted as a funct ion of Bu^N+Cl sa l t concentrat ion, and the 
graph obtained is shown as f i g . 5.38. The graph indicated that the in tens i ty 
of the 184 cm 1 component was independent of concentrat ion. To determine 
the in tens i ty of th is component accurately the area was plot ted against 
concentration as shown in f i g . 5.39. The l e t t e r A denotes the f i t res t r i c ted 
to go through the o r i g i n , and the l e t t e r B the unrestr ic ted f i t . The slope 
3 -1 -1 
of the res t r i c ted f i t was 54.8±3.7 dm mol cm , which gave an in tens i ty 
3 -1 -2 
of 2 370±180 dm mol cm , and the slope of the unrestr ic ted f i t was 51.5 
3 - 1 - 1 3 -1 -2 ±8.1 dm mol cm , which gave an in tens i ty of 2470±390 dm mol cm . 
The values fo r the band centres, half-band widths and i n tens i -
t ies of the 3 components of the absorption p r o f i l e fo r the Bu4N+Cl~ in CC14 
system are summarised in table 5.29 at the end of th is chapter. 
5.6 Ef fect of temperature on the 3 pure Gauss component f i t fo r Bu^N+Cl 
in benzene 
To gain a fu r ther ins ight in to the nature of the processes 
giv ing r ise to the fa r - i n f ra red absorption of the tetra-n-alkylammonium sa l ts 
in benzene system the spectra obtained for Bu^N+Cl~ in benzene at various 
temperatures (see section 4.2.4) were f i t t e d to a sum p ro f i l e of 3 pure 
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Table 5.23 184 cm ^ component B u ^ C l " in CC1„ . Areas and in tens i t i es 
(L = 0.0 21 cm) 
concn. area av. area in tens i t y 
_3 
/mol dm /cm ^ /cm ^ 
3 -1 -2 
/dm mol cm 
0.098 5.5 
5.2 2 500±2 900 
4.8 
0.196 2.4 
8.7 2 100±1 500 
15.0 
0.291 14.2 
14.8 2 400±1 000 
15.3 
0.392 35.3 
26.9 3 300±700 
18.4 
0.524 43.6 
38.1 3 500±500 
32.6 
0.581 28.5 
34.0 2 800±500 
39.6 
0.688 24.1 
31.7 2 200±400 
39.3 
0.783 34.1 
38.7 2 400±400 
43.2 
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Gauss components. Studies were conducted to determine the e f fec t of temp-
erature on the band centre, half-band width and in tens i ty fo r the 3 
components. The i n i t i a l input parameters fo r the f i t s were the same as 
those used for the i n i t i a l f i t s to the benzene solut ion spectra, namely 
bands centred at 70, 116 and 180 cm \ with half-band widths of 66, 54 
and 80 cm ^ respect ively. Tables 5.24 to 5.26 show the parameters obtained 
_3 
fo r the 3 components fo r the best f i t s fo r the spectra of 0.252 mol dm 
Bu^N+Cl in benzene, obtained with a pathlength of 0.021 cm, fo r 14 temp-
eratures between 285 and 349K. The temperature range being governed by the 
freezing and bo i l ing points of the so lu t ion . 
Table 5.24 shows the band centre, hal f band wid th , area and 
corresponding in tens i ty fo r the low frequency component. F ig . 5.40 shows 
the band centre plot ted as a funct ion of temperature. The graph was incon-
c lus ive , but suggested that no s ign i f i can t change of band centre was 
occurring with increasing temperature. F ig . 5.41 shows the graph obtained 
when the half-band width was p lot ted as a funct ion of temperature. This i n -
dicated that the half-band width increased s l i g h t l y with increasing temper-
ature. The half-band width increased from 59±5 cm"^ at 285K to 71±5 cnf^ 
at 349K. Fig 5.42 shows the component in tens i ty as a funct ion of temperature, 
and indicated that the in tens i t y appeared to increase s l i g h t l y with increa-
sing temperature, although the increase was not s i g n i f i c a n t . The in tens i ty 
at 285K was 2 400±2 100 dm3 m o l - 1 cm" 2 , which rose to 4 100±2 100 dm3 mol" 1 
cm' 2 at 349K. 
Table 5.25 shows the band centre, half-band w id th , area and 
corresponding in tens i t y fo r the central component to the absorption p r o f i l e . 
F ig . 5.43 shows the band centre as a funct ion of temperature, and th is 
indicated that the band centre was independent of temperature, the centre 
not deviat ing s i gn i f i can t l y from 116±3 cm"^. The half-band width fo r the 
116 cm ^ component was p lot ted as a funct ion of temperature, and is shown 
in f i g . 5.44. This was inconclusive, but suggested that the half-band width 
Table 5.24 70 cm 1 component Bu / IN+Cl in benzene. 
Effect of temperature. v , Av,, area and in tens i ty 
o 2 
• 
(concn. = 0.252 mol dm " 3 , L = 0.021 cm) 
temp. V 
0 
Av, 
§ 
/cm 
area in tens i t y 
/K /cm" 1 /cm" 1 3 -1 -2 /dm mol cm 
285 71.9 58.9 15.2 2 400 
289 73.4 54.5 14.0 2 200 
294 76.1 58.5 16.3 2 600 
299 78.8 52.7 13.6 2 200 
304 73.8 57.2 14.7 2 300 
309 73.6 59.3 16.2 2 600 
314 70.4 60.1 18.0 2 900 
318 73.0 56.3 16.9 2 700 
323 72.1 57.3 15.7 2 500 
328 81.5 51.9 15.9 2 500 
334 66.6 62.9 21.8 3 500 
339 74.3 64.2 19.4 3 100 
344 75.0 59.5 20.7 3 300 
349 81.3 70.6 25.9 4 100 
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Table 5.25 116 cm component Bu^N+C1 in benzene. 
Effect of temperature. v , Av., area and in tens i t y o i 
(concn. = 0.252 mol dm" 3 , L = 0.021 cm) 
temp. *0 
area in tens i ty 
/K /cm~^ 
d. 
/cm /cm ^ 3 -1 -2 /dm mol cm 
285 116.3 55.5 30.5 4 900 
289 117.0 51.9 23.3 3 700 
294 118.5 52.9 22.0 3 500 
299 118.9 47.9 18.8 3 000 
304 116.6 54.7 23.6 3 800 
309 117.5 50.7 22.0 3 500 
314 116.7 55.8 26.3 4 200 
318 117.8 51.9 24.6 3 900 
323 117.0 53.6 25.1 4 000 
328 119.1 41.8 16.6 2 600 
334 114.3 55.0 26.6 4 200 
339 117.3 58.6 28.3 4 500 
344 119.0 53.6 25.4 4 000 
349 117.7 59.9 36.7 5 900 
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was increasing s l i g h t l y with increasing temperature. The half-band width 
was 56±2 cm"1 at 285K and increased to 60±2 cm"1 at 349K. The value at 
328K appeared to be suspect, here, and in fac t throughout the temperature 
study. F ig . 5.45 shows the in tens i t y of the central component as a funct ion 
of temperature, and th i s graph indicated that the in tens i t y was increasing 
3 -1 
with increasing temperature, r i s ing from a value of 4 900±2 100 dm mol 
cm" 2 at 285K to 5 900±2 100 dm3 mol" 1 cm" 2 at 349K. A smooth curve could 
be drawn through the data i f the 328K value was neglected, as fo r the other 
parameters. 
Table 5.26 shows the band centre, half-band width,area and 
corresponding in tens i t y fo r the high frequency component of the absorption 
p r o f i l e . F ig . 5.46 shows the band centre as a funct ion of temperature, which 
indicated that the band centre was independent of temperature, not deviat ing 
from 181+6 cm \ The half-band width of the high frequency component is 
shown as a funct ion of temperature in f i g . 5.47. The graph was inconclusive, 
but suggested that the half-band width of the high frequency component was 
decreasing s l i g h t l y with increasing temperature. The half-band width at 
285K was f i t t e d at 75±10 cm"1 which decreased to 58±10 cm"1 at 349K. F ig . 
5.48 shows the in tens i ty of the 181 cm"1 band as a funct ion of temperature, 
which indicated that the in tens i ty showed no s ign i f i can t change as a resu l t 
of changing temperature, lack of s igni f icance being due to the low precision 
of th is data fo r the high frequency t a i l , due to i t s low absorbance. 
5.7 2 pure Gauss f i t fo r Bu / ]N+Br" in benzene 
The absorption p ro f i l es fo r the spectra of Bu^N+Br in benzene, 
at 3 concentrations obtained using a 0.052 cm pathlength, were f i t t e d to 
a p r o f i l e which was the sum of 2 pure Gauss components. The i n i t i a l input 
parameters were centres of 60 and 75 cm 1 , wi th half-band widths of 80 and 
60 cm 1 respect ively. F ig . 5.49 shows the f i t obtained for the spectrum of 
0.398 mol dm" 3 Bu 4N +Br" in benzene. Tables 5.27 and 5.28 show the parameters 
obtained fo r the 2 components fo r the best f i t s f o r the 6 spectra at 3 
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Table 5.26 181 cm 1 component Bu^N+C1~ in benzene. 
Effect of temperature. v , Av,, area and i n tens i t y . 
0 § 
-3 
(concn. = 0.252 mol dm , L = 0.021 cm) 
temp. V 
0 
Av, area i ntensi ty 
/K /cm 1 /cm 1 /cm 1 /dm mol cm 
285 186.3 74.8 8.7 1 400 
289 180.7 65.8 8.8 1 400 
294 182.2 51.2 6.3 1 000 
299 181.0 49.5 4.5 700 
304 182.2 54.9 6.5 1 000 
309 180.0 52.6 5.3 800 
314 182.7 59.2 6.9 1 100 
318 180.3 52.8 7.8 1 200 
323 179.5 52.0 5.8 900 
328 170.4 66.6 8.2 1 300 
334 175.6 107.9 24.8 4 000 
339 181.6 52.9 5.8 900 
344 180.6 57.7 8.0 1 300 
349 182.6 57.3 10.7 1 700 
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Table 5.27 66 cm component Bu.N+Br in benzene 
v and Av 
concn. V 
0 
av. v 
0 2 
av. Av 
2 _3 
/mol dm /cm ^ /cm ^ /cm /cm 
0.298 71.7 83.8 
69.3 80.8 
67.0 77.8 
0.355 66.8 70.6 
67.9 72.7 
68.0 74.7 
0.398 60.7 75.3 
61.6 73.1 
62.5 70.9 
Area and in tens i ty (L = 0.052 cm) 
concn. area av. area in tens i t y 
_3 
/mol dm /cm ^ /cm ^ 
3 -1 -2 
/dm mol cm 
0.298 54.9 
53.8 3 473±839 
52.7 
0.355 62.3 
63.6 3 443±704 
64.8 
0.398 63.6 
62.3 3 009±628 
61.1 
Table 5.28 79 cm component Bu.N+Br in benzene. 
v and v 
concn. av. v„ 
o 
Av^ av. Av, 
s 
/cm 
_3 
/mol dir. /cm ^ /cm ^ /cm 
0.298 75.9 
78.2 
77.1 
61.3 
56.8 
59.1 
0.355 78.5 
78.0 
73.3 
54.6 
56.2 
55.4 
0.398 82.2 
79.3 
80.8 
55.1 
52.7 
53.9 
Area and in tens i t y 
concn. area av. area in tens i ty 
-3 
/mol dm /cm ^ /cm ^ 
3 -1 -2 
/dm mol cm 
0.298 28.1 
31.5 
29.8 1 922±839 
0.355 30.6 
31.5 
31.0 1 682±704 
0.398 43.9 
42.5 
43.2 2 084±628 
3lO 
-3 concentrations from 0.298 to 0.398 mol dm . No attempts were made to 
determine the var ia t ion of any of the parameters with concentrat ion. The 
mean values fo r the band centres, half-band widths and in tens i t i es fo r the 
2 components were calculated for comparison with other systems. 
For the lower frequency component the mean band centre was 
determined as 66±3 cm \ the half-band width as 76±3 cm" 1 , and the in tens i ty 
3 -1 -2 
as 3 300±500 dm mol cm . For the higher frequency component the mean 
band centre was calculated as 79±1 cm \ the half-band width as 56±2 cm" 1 , 
3 = 1 - ° 
and the in tens i t y as 1 900±500 dm mol ' cm "~. As usual the in tens i t i es 
were calculated with respect to the Bu^N+Br~ concentrat ion. The v i a b i l i t i e s 
of these f i t s was questionable, because of the proximity of the band centres 
of the two components, but the parameters were considered useful fo r 
comparison purposes. 
5.8 Summary 
The data in th is chapter had to be care fu l l y considered in 
the l i g h t of i t s s t a t i s t i c a l s ign i f icance. This required careful graphical 
presentation of the resul ts to determine i f the changes obtained for the 
parameters as a funct ion of concentration and temperature were in fac t 
' r e a l ' . The smoothness of the major i ty of the changes indicated that the 
methods of component resolut ion were in fac t v iab le . I t was care fu l l y 
checked that changes in the centres and half-band widths were not merely 
due to changes in the in tens i ty of other components. Table 5.29 shows the 
best f i t parameters fo r the components to the 4 systems studied in th is 
chapter. The band centres and hal f band widths are the mean values fo r 
each of the systems. The in tens i ty values are those determined using the 
l inear least squares analysis programme without r e s t r a i n t . The in tens i t i es 
were a l l calculated wi th respect to the tetra-n-alkylammonium sa l t concen-
t ra t i ons . 
The parameters fo r the central component fo r the Bu^N+Cl~ sa l t 
system were seen to be remarkably s imi la r in the 3 solvents used. This 
indicated that the absorption was due to the v ib ra t ion of the ion aggregate 
Table 5.29 Band parameters fo r best f i t Gauss components fo r Bu 4N+Cl~ 
in benzene, CC1^ andCHCl 
benzene c c i 4 CHC13 
B u ^ N t c i " 
vQ /cm" 1 73+1 75±6 70 ±7 
Av^ /cm" 1 72±8 64 ±6 5o±n 
2 
3 
i n tens i ty /dm mol 
-1 cm 2 6 390±690 3 650±380 1 800 ±230 
v /cm 1 
0 
118±3 116±2 114±1 
Av / c m - 1 53±4 52±4 50±2 
3 
i n tens i ty /dm mol 
-1 cm 2 5 760±580 7 540±540 7 210±240 
v /cm 1 o 181±6 184±3 175±7 
Av /cm 1 72±9 80±15 84±16 
2 
3 
i n tens i t y /dm mol 
-1 cm 2 3 470±250 2 470±390 1 520±220 
Bu/]N+Br~ 
V q /cm 1 66±3 
Av^ / c m - 1 76±3 
2 
3 
i n tens i ty /dm mol 
-1 cm 2 3 300±500 
v Q /cm" 1 79±1 
Avi /cm 1 56±2 
2 
3 
i n tens i ty /dm mol 
-1 cm 2 1 900±500 
involv ing contact ion pair v ib ra t i ons , since there was very l i t t l e solvent 
dependence. The band centre and half-band width were seen to decrease 
s l i g h t l y through the series of solvents benzene, CCl^, CHCl^, but the 
s t a t i s t i c a l s igni f icance of these sh i f t s was seen to be questionable. The 
band centre of the low frequency component was seen to be f a i r l y constant 
in the 73 cm ^ region, but the half-band width decreased from 72 cm ^ fo r 
benzene to 64 cm"^ fo r CCl^ and 50 cm~^ fo r CHCl^- The in tens i t y fo r the 
3 
low frequency component also decreased in the same order, from 6 400 dm 
- i -2 ^ - l -2 
mol " cm for benzene to 1 800 dm" mol " cm for CHCl^. The band centre 
of the high frequency component was seen to be constant at 180±5 cm~\ and 
the hal f band width at 80±15 cm \ The in tens i ty of th is component was seen 
to decrease from benzene to CCl^ to CHCl^. 
The var ia t ion of best f i t t e d parameters with concentration and 
temperature fo r Bu^N+Cl in benzene solut ions is shown in table 5.30. The 
concentration studies indicated that fo r the low frequency component the band 
centre sh i f ted to lower frequency, except in benzene where the centre was 
inva r ian t . The half-band width was seen to be invar iant in a l l 3 solvents. 
The in tens i ty apparently increased with concentration in benzene, but was 
invar iant in CCl^ and CHC1^- For the central component, in benzene the centre 
was invar ian t , but sh i f ted to lower frequency fo r CCl^ and CHCl^. The ha l f -
_3 
band width reached a maximum at about 0.8 mol dm sa l t concentration in 
-3 
benzene, and was seen to l ikewise increase up to 0.8 mol dm concentration 
for the CCl^ and CHCl^ so lu t ions. The in tens i ty reached a maximum in a l l 
_3 
3 systems; the maxima occurring at about 0.8 mol dm in benzene, at about 
-3 -3 0.4 mol dm in CCl^ and 0.5 mol dm in CHClg. The maxima were not c lear ly 
defined in the l a t t e r two cases. For the high frequency band the band centre 
_3 
passed through a maximum at about 0.8 mol dm in benzene, sh i f ted s teadi ly 
to lower frequency in CCl^ and was invar iant in CHCl^. The half-band width 
increased in CCl^, but was invar ian t with concentration in both CHCl^ and 
-3 
benzene. The in tens i ty reached a maximum value at about 0.5 mol dm in 
I 
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CCl^, but was invar iant in both benzene and CHC1^-
The temperature studies fo r Bu^N+Cl in benzene showed that the 
band centre fo r a l l 3 components was inva r ian t , but that the half-band width 
increased for the 73 and 118 cm ^ components, and remained constant fo r 
the 181 cm ^ component. The in tens i ty was seen to increase with temperature 
fo r a l l 3 components. 
The deductions made from these computer resolut ion techniques 
are contained in the discussion of the ion pair solvat ion work in chapter 
7. 
CHAPTER 6 
FURTHER STUDIES OF IONIC SOLVATION 
3lio 
Chapter six is an amalgam of the remaining work attempted to study the 
in teract ion between solvent and dissolved e l e c t r o l y t e . The in tent ion of the 
work was merely to compare the i n t e n s i t i e s , half-band widths and band 
centres for pure solvents, and solut ions in more polar solvents, with those 
for the re la t i ve l y non-polar systems discussed in chapter 4. 
6.1.1 Pure benzene solvent spectra 
The studies of the tetra-n-butylammonium sal ts in benzene systems 
suggested that the low frequency 'col 1 i s iona l 1 band of the benzene solvent 
was being i n t e n s i f i e d , and was giving r ise to a low frequency component, 
which was observable in the ratioed spectrum. This was especial ly so for 
+ - -1 the Bu^N CI in benzene system. To check th is assignment fo r the 73 cm 
component in the benzene solut ion spectra, f a r - i n f ra red spectra of pure 
benzene solvent have been recorded. The band centre, half-band width and 
in tens i ty have been measured. 
The benzene used for these studies was the same as that fo r 
the solut ion work in benzene. Two pathlengths of benzene were recorded, and 
these two single beam spectra were rat ioed to give the spectrum. This method 
was chosen as the most accurate, rather than the more usual ra t io ing against 
a 'non-absorbing' l i q u i d . The l a t t e r method is inaccurate because of the 
appreciable absorption of these 'non-absorbing' l iqu ids in the region below 
100 cm \ The fo l lowing procedure was employed to obtain the best possible 
benzene spectra from our recording system. The demountable ce l l wi th high 
density polythene windows (as detai led in chapter 2) was set up with the 
larger of the two pathlength spacers in place. The ce l l was then f i l l e d with 
dry benzene and the instrument evacuated. The spectrum for the longer path-
length was then recorded, using a 1024 po in t , double-sided interferogram, to 
give a 3 cm ^ resolut ion a f t e r computation. (See chapter 3 ) . The i n t e r f e r -
ometer was then l e t back up to atmospheric pressure, and the benzene w i th -
drawn from the c e l l . The ce l l was then dismantled, and the shorter of the 
two pathlength spacers inser ted, taking care to reproduce the e a r l i e r ce l l 
geometry as closely as possible. Two interferograms were then recorded fo r 
th is pathlength, and the ce l l was then once again dismantled, and the larger 
pathlength spacer inser ted. This procedure of double runs was then repeated 
throughout a series of spectra. The time spent in recording the spectra was 
thus minimised. This technique gave s i gn i f i can t l y bet ter rat ioed spectra 
than others where several interferograms were recorded at one pathlength. 
This agreed wi th the resul ts of chapter 4, where poor spectra were produced 
i f there was a delay in recording background and sample spectra. 
As expected, the band centre was found to occur at about 80 cm ' . 
Various beam-split ters were t r i e d , and i t was found that the 50 gauge f i l m 
gave the best compromise fo r observing the whole of the band. The band could 
be followed in to the high frequency wing in the 200 cm 1 region, and a 
reasonable p ro f i l e was obtained for the low frequency ha l f of the band down 
to about 10 cm \ F ig . 6.1 shows the spectrum obtained by ra t io ing 0.2538 cm 
of benzene against 0.0517 cm of benzene at 293K. The interferograms were 
obtained using a 50 gauge beam-spl i t ter , and the th in black polythene f i l t e r . 
The resolut ion obtained was approximately 3 cm \ The noise level present 
throughout the spectrum was due to the ra t io ing out of the benzene absorption 
from the background. This spectrum was seen to agree well with the spectrum 
obtained by Chantry e t . a l . (71) , which has been assigned to ' l i q u i d l a t t i c e ' 
type motions (72). 
Ten benzene absorption spectra were recorded at d i f f e ren t path-
lengths. The band centre was measured, and the average value was found to be 
80±5 cm \ the large uncertainty being due to the broadness of the band. The 
baseline for th is band for i n tens i t y calculat ions was drawn para l le l to the 
wavenumber ax i s , since the low frequency wing could not be determined with 
any ce r ta in t y . Thus the baseline level was determined by the high frequency 
wing only. The half-band widths for the 10 bands were measured from the spectra, 
and the average was found to be 80±10 cm" 1 . (See l a te r in th is section for a 
more precise band centre and half-band width measurement using band f i t t i n g 
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techniques). The areas under the absorption p ro f i l e were measured for each 
of the 10 spectra, using a planimeter, and the resul ts are recorded i n table 
6 . 1 . The pathlengths quoted were determined by measuring the spacer thickness 
by use of a micrometer screw gauge. The thickness was measured 10 times at 
various places around the spacer, and these values were then averaged to 
give the pathlengths of table 6 . 1 . The areas quoted have associated with them 
an uncertainty of ±20 cm ^, which was calculated as the 'dead space1 area 
below the f i t t e d baseline. The error was thus the maximum discrepance on the 
area possib le, and was thus d i f f e ren t to previous error treatments. The area 
under the absorption band was plot ted as a funct ion of pathlength, and the 
graph is shown as f i g . 6.2. The area/pathlength data was used with the 
programme BEERSLAW to give the best l inear least squares f i t to the data. 
This enabled a value fo r the band in tens i t y to be calculated. The f i t res t r -
_2 
icted to pass through the o r ig in gave a slope of 494±153 cm , and is denoted 
3 
by the l e t t e r A in the f i gu re . This gave an in tens i ty B. of 43.9±13.6 dm 
- 1 - 2 
mol cm , where the molar i ty of pure benzene was calculated as 11.26 mol 
-3 -2 dm as in section 4 .2 .5 . The unrestr ic ted slope was found to be 521±268 cm 
and is denoted by the l e t t e r B in f i g . 6.2. This slope gave an in tens i t y 
3 -1 -2 
B.. of 46.3±23.8 dm mol cm . This . in tens i ty was seen to agree well with 
the provisional value of Chantry e t , a l . (71) , where an integrated strength 
of 450 cm ^ was obtained for l i qu id benzene at 300K. This value would give 
3 -1 -2 
an in tens i ty .B. of 40 dm mol cm . I t should be noted here that the compar 
ison of i n tens i t i es between d i f f e ren t systems is very d i f f i c u l t , because of 
the problems involved with the f i x i n g of the baseline. Whilst i n tens i t y 
considerations are viable w i th in a series of measurements fo r a given system, 
since a method of baseline f i t t i n g can be developed which sui ts that system, 
extreme care must be taken in comparing d i f f e ren t systems. 
To determine accurately the band centre and half-band width fo r 
the benzene low frequency absorption the spectra were f i t t e d to a pure Gauss 
p r o f i l e (see section 5.1 for d e t a i l s ) . The Gauss p r o f i l e gave a bet ter f i t 
320 
Table 6.1 75 cm"1 band pure benzene. Area 
sample background pathlength area 
pathlength pathlength 
/cm /cm /cm / c m ' 1 
0.0208 0.0112 0.0096 12.51 
0.0517 0.0208 0.0309 8.72 
0.0517 0.0112 0.0405 20.30 
0.1023 0.0517 0.0506 21.57 
0.1023 0.0208 0.0815 25.42 
0.1023 0.0112 0.0911 40.65 
0.2538 0.1023 0.1515 80.39 
0.2538 0.0517 0.2021 109.9 
0.2538 0.0208 0.2330 113.6 
0.2538 0.0112 0.2426 127.4 
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to the absorption p r o f i l e than the Cauchy, as fo r the tetra-n-alkylammonium 
sal ts in non-polar solvent systems studied in chapter 5. This was possibly, 
once again,due to lack of data in the wings of the band, where the Cauchy 
p ro f i l e dominates. The average band centre was found to be 75±1 cm 1 , and 
the average half-band width as 83±3 cm 1 . The errors were the root mean square 
deviat ion of the data set . A typ ical band f i t is shown in f i g . 6.3. This 
f i t was fo r 0.2538 cm of benzene rat ioed against 0.0112 cm of benzene. I t 
was in teres t ing to note that f i g s . 6.1 and 6.3 showed the p o s s i b i l i t y of a 
weak band occurring at about 180 cm ' , the frequency at which the high 
frequency component of the Bu 4N+Cl~ in benzene system absorbed. This has not 
T 
been further invest igated here, but merits consideration in any fur ther 
studies of these systems. 
I t has of ten been stated that f a i r l y concentrated e lect ro ly tes 
have a pseudo-crystal l ine l a t t i c e (73) , and so we decided to have a look at 
the spectra of c r ys ta l l i ne so l id benzene. F ig . 6.4 shows the spectrum obtained 
by ra t io ing 0.2538 cm of c r ys ta l l i ne benzene at 253K against 0.1517 cm 
c rys ta l l i ne benzene at the same temperature. The spectra were recorded using 
the var iable temperature c e l l , as detai led in chapter 2. The cooling agent 
used for the reservior was so l id carbon dioxide in acetone. 2048 point 
interferograms were used to give a resolut ion of 1.5 cm 1 . A 50 gauge beam-
s p l i t t e r was used. This spectrum c lear ly showed that the band centre now 
occurred at 87±1 cm \ Bands of weaker in tens i ty were seen to occur at 64±2 
cm 1 and 76±2 cm \ The spectrum compared favourably with that obtained by 
Chantry e t . a l . (71) , who observed the spectrum of c r ys ta l l i ne so l id benzene, 
and determined the main band centre as 97 cm" 1 , wi th peaks of lower in tens i ty 
at 53, 64 and 72 c m - 1 . These authors, and others (60, 74-76) noted that the 
peak absorption values were dependent upon the temperature. Harada and 
Shimanouchi showed fu r ther (60) that the fa r - i n f ra red spectra of benzene 
crysta ls grown under d i f f e ren t conditions were qui te d i f f e r e n t . In some cases 
the spectra were found to be sensi t ive to ro ta t ion in the beam of rad iat ion 
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(60). Harada and Shimanouchi (75) showed that the major absorption peak 
occurred at 102 cm - 1 at 80K, and 94 cm - 1 at 140K, thus showing that the band 
centre moved to lower frequency with increasing temperature. 3 c rys ta l l i ne 
benzene spectra were recorded at 253K. The average band centre was measured 
as 88±2 cm \ and the average half-band width as 40±2 cm 1 . The areas under 
these absorption curves were measured as 63.6, 61.8 and 57.9 cm 1 , giv ing 
an average of 61.7+20 cm \ the uncertainty being determined from the 
dead space below the baseline as fo r the benzene l i qu i d spectra. The in tens i ty 
was then calculated assuming that the density of the so l id benzene remained 
_3 
unchanged from that in the l i qu i d as 879 g dm (56) . With the pathlength 
_ o 
of 0.1023 cm and benzene concentration of 11.27 mol dm ° , the in tens i ty B. 
3 -1 -2 
was calculated as 54.8±18 dm mol cm . 
To determine accurately the band centre and half-band width fo r 
the c rys ta l l i ne benzene band the 3 spectra were f i t t e d to a pure Gauss p r o f i l e ; 
A typ ica l band f i t is shown in f i g . 6 .5. The f i t t e d band centres obtained 
were 87.2, 86.9 and 88.9 cm" 1 , g iv ing an average of 88±1 cm" 1 . The f i t t e d 
half-band widths were 41.8, 43.5 and 43.5 giv ing an average of 43±1 cm" 1 . 
Table 6.2 correlates the band parameters obtained fo r the low 
frequency absorptions fo r l i q u i d benzene solvent at 293K, c r ys ta l l i ne benzene 
solvent at 253K, and for 0.21 and 0.80 mol dm - 3 solut ions of Bu 4N +Cl" in 
benzene both at 293K. The in tens i t y of the low frequency component fo r the 
solut ions was calculated with respect to the benzene concentrat ion, and not 
the Bu^N+Cl concentration as in chapter 5. The benzene concentration in 
these solut ions was taken to be the same as that fo r pure benzene, being 
_3 
11.26 mol dm , calculated from the density and molecular weight. The 
in tens i t y values thus calculated were seen to be minimum values, since the 
addi t ion of the Bu 4N +Cl" sa l t caused the concentration of the solut ion to be 
less than that fo r pure benzene. In fac t th i s was seen to be un l ike ly to 
be the case since a s ign i f i can t increase in volume was noted fo r the more 
concentrated solut ions was noticed when the sa l t was added. 
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Table 6.2 Band parameters fo r l i q u i d , c r ys ta l l i ne and solut ion low 
frequency bands fo r benzene. 
l i qu id crysta l l ine* 3 so lu t i on 0 solution 0* 
band centre 75+1 88±1 63±3 74±3 
/cm 1 
half-band 
width 83±3 43±1 74±5 67±5 
/cm 1 
i n tens i t y 
/dm 3 mol 1 cm • 46±24 55±18 27±50 387±50 
in benzene at 293K 
in benzene at 293K 
293K 
b 253K 
C 0.21 mol dm" 3 Bu4N+C1 
d 0.80 mol dm"3 Bu.N+C-l 
a r t 
The band centres and half-band widths were seen to be comparable 
in the 3 l iquid systems. The average centre fo r the low frequency component 
fo r Bu^N+Cl in benzene, from the band f i t s of table 5.6 was 73±1 cm \ 
which agreed well with the band centre of 75±1 fo r the pure benzene solvent 
absorption. The average half-band width fo r the Bu^N+Cl in benzene low 
-1 
frequency component was 72±8 cm , which was s l i g h t l y lower than the 83+3 cm 
for the pure benzene sol vent.The in tens i ty of the low frequency band, when 
calculated with respect to benzene concentrat ion, was seen to be proport ional 
to the concentration of the added Bu^N'Cl s a l t , since the area of the band 
was seen to be l i nea r l y dependent upon the sa l t concentration from f i g . 5.6. 
This p ropor t iona l i t y was the case since the ca lcu lat ion of the in tens i ty with 
respect to benzene involved d iv is ion of the area by constant pathlength, and 
constant concentrat ion. 
The in tens i t y values fo r the two solut ions suggested that the 
benzene absorption was being severely i n tens i f i ed by the added e l e c t r o l y t e . 
The in tens i ty of the benzene c o l l i sional band was doubled by the addi t ion 
of about 0.4 mol dm"3 of added Bu 4N +Cl~. ( I t should be remembered here , that 
the low frequency component absorption was addit ional to the pure benzene 
solvent absorpt ion, which had already been subtracted by ra t io ing against 
_3 
pure benzene.) At 0.8 mol dm of added sa l t the benzene band was seen to 
be in tens i f i ed by approximately 8 times i t s o r ig ina l value. 
This section has indicated that the low frequency component fo r 
the Bu^N+Cl sa l t in benzene was indeed a perturbed benzene co l l i s i ona l band. 
6.1.2 Pure toluene solvent spectra 
Spectra of pure toluene were recorded to determine i f the band 
parameters were changed re la t i ve to those fo r benzene. This was done in the 
hope that toluene could be used as a fur ther solvent f o r the t e t r a - n - a l k y l -
ammonium sa l t s . F ig . 6.6 shows the spectrum obtained by ra t io ing 0.2538 cm 
of toluene against 0.0112 cm of toluene. The interferograms were recorded 
using a 50 gauge beam-spl i t ter . 1024 point interferograms were recorded 
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to give a resolut ion of 3 cm \ The low frequency band was seen to occur on 
the side of a strong absorption centred above 200 cm \ and th is made measu-
rements of the band parameters d i f f i c u l t . This strong band would also make 
studies of the spectra of tetra-n-alkylammonium sal ts in toluene almost 
impossible. 
The band parameters were determined fo r use in conjunction with 
the spectra of Ag+C104 in toluene (see section 6 .6 ) . 4 toluene spectra were 
recorded, and the parameters determined are shown in table 6.3. The average 
band centre was 73+3 cm \ the average half-band width was 67±3 cm \ and 
_2 
the average integrated in tens i t y A/L was 197 30±cm . The density of toluene 
-3 
was taken as 866.5 g dm at 293K (77) , and the band in tens i ty B. was thus 
3 -1 -2 
calculated as 21.3±3 dm mol cm , since the molar i ty of pure toluene was 
_3 
calculated as 9.23 mol dm . 
6.2 Pure chloroform spectra 
Spectra of pure chloroform were recorded for comparison with 
the spectra obtained fo r the solut ions of tetra-n-alkylammonium sa l ts dissolved 
in chloroform (see sections 4.7 to 4.11) . F ig . 6.7 shows the spectrum obtained 
when 0.1023 cm of chloroform was rat ioed against 0.0112 cm of chloroform. The 
spectra were obtained' using a 50 gauge beam-spl i t ter , and 1024 point i n te r fe rogr -
ams were recorded to give a resolut ion of 3 cm \ The band centre was found 
to occur at approximately 36 cm~\and, as can be seen from f i g . 6 .7 , the low 
frequency hal f of the band was extremely d i f f i c u l t to observe. At the very 
low frequencies necessary the transmittance of the beam-spl i t ter was rapid ly 
decreasing, as was the e f f i c iency of both the detector and source. Various 
beam-spl i t ter and f i l t e r combinations were t r i e d in order to obtain the best 
possible chloroform spectra in th i s region. F ig . 6.8 shows the spectrum 
obtained by ra t io ing 0.1023 cm of chloroform against 0.0112 cm of chloroform, 
where the interferograms were obtained using a 100 gauge beam-spl i t ter and 
the black polythene lens. The resolut ion was once again 3 cm \ F ig . 6.8 
showed that the p r o f i l e could be obtained with reasonable accuracy down to 
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15 cm \ The low frequency wing was s t i l l not v i s i b l e , and indeed the high 
frequency wing around 200 cm ^ was now marked by the f i r s t beam-spl i t ter, 
cu t -o f f of the 100 gauge f i l m . F ig . 6.9 shows the chloroform spectrum obtained 
for a ra t i o of 0.1023 and 0.0112 cm pathlengths, using a 400 gauge beam-
s p l i t t e r and a 0.1 cm c rys ta l l i ne quartz f i l t e r . This spectrum showed that 
the p r o f i l e could be obtained accurately down to 10 cm \ but the spectrum 
so obtained had the disadvantage that the beam-spl i t ter minima occurred every 
30 cm ^. Hence there were 3 regions of noise in the spectrum, due to the low 
transmitted in tens i t y through these minima. However the spectrum obtained 
in th is way was fa r bet ter than might be thought possible, and could be easi ly 
corrected, as shown by the dotted l ines in f i g . 6 .9, to obtain the accurate 
p ro f i l e between 10 and 100 cm \ This spectrum was not sa t is fac tory fo r 
observation of the whole low frequency band, because the high frequency wing 
had been truncated by the c rys ta l l i ne quartz f i l t e r , which cuts- in again at 
110cm \ The f i l t e r was necessary with the 400 gauge beam-spl i t ter to maximise 
the energy in the region below 100 cm \ in order that good spectra could 
be obtained at th is low frequency. The f i l t e r i n g could be seen to be a f fec t ing 
the band p r o f i l e , and the in tens i ty of the band using the 400 gauge beam-
s p l i t t e r was seen to be considerably less than that using the 100 gauge 
beam-spl i t ter . 
The spectra gained using the 50 gauge beam-spl i t ter were considered 
to be the best fo r obtaining the band parameters fo r the low frequency 
chloroform absorpt ion. With th is spectrum the baseline could be f i t t e d by 
reference to the high frequency wing. 3 good spectra were analysed, and the 
band parameters are detai led in table 6.4. The band centre was found to be 
36±1 cm \ and the half-band width 52±2cm \ The area under the absorption 
bands was measured using a planimeter. The integrated strength A/L was 
determined by d iv id ing the area by the pathlength, and the average area was 
-2 
found to be 906 cm . The errors on the area values were determined as the 
area of the dead space between the f i t t e d baseline and the wavenumber ax is . 
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This was found to be approximately 10 cm \ as the typ ica l baseline was 
f i t t e d at 0.1 Neper. With a molecular weight of 119 g mol ^ for chloroform, 
-3 -3 
and a density of 1500 g dm (56) , which gave a molar i ty of 12.56 mol dm 
3 -1 -2 
fo r the pure solvent , the in tens i ty B.. was calculated as 72±10 dm mol cm . 
Attempts were made to f i t the chloroform spectra to pure Gauss p r o f i l e s , 
to obtain more accurate band parameters. These were unsuccessful, presumably 
due to the poor qua l i t y of the spectra below the band centre, and the large 
asymmetry of the band. Approximately 36 cm~^ of the half-band width occurred 
for frequencies higher than the band centre, and only 18 cm ' below the band 
centre. (See chapter 7 fo r a discussion of the v a l i d i t y of absorbance/wave-
number plots at low wavenumber.) 
Table 6.5 correlates the band parameters obtained fo r the low 
frequency absorptions fo r pure chloroform solvent , and fo r 0.10 and 0.80 mol 
dm 3 solut ions of Bu4N+Cl in chloroform, a l l at 293K. The in tens i t i es were 
calculated wi th respect to the chloroform concentrat ion, which was calculated 
_3 
as 12.56 mol dm fo r pure chloroform. The half-band widths fo r the absorptions 
in the two systems, being 52±2 cm 1 fo r the pure solvent and 50±11 cm - 1 as 
an average fo r the solut ions were seen to be comparable. The band centre in 
the solut ions was seen to be higher than that fo r the pure solvent. In the 
solut ions the average band centre was 70±7 c m " \ and the pure solvent 36±1 
cm \ The in tens i t i es fo r the low frequency component fo r the so lut ion were 
seen to be of the same order of magnitude as the chloroform absorpt ion. The 
addi t ion of the Bu 4N+Cl~ sa l t appeared to have less of an e f f ec t on the 
_3 
in tens i ty than in the benzene so lu t ion . For the 0.8 mol dm solut ion the 
in tens i ty of the 70 cm ^ component was only j us t equivalent to that of pure 
chloroform, whereas fo r benzene at the same concentration the i n tens i f i ca t i on 
was 8 - f o l d . 
I t appeared that the chloroform solut ions gave spectra that produced 
s l i g h t l y d i f f e r e n t absorptions to those in benzene so lu t ion . The Poley-Hi l l 
absorption of the polar chloroform molecules appeared to be unaffected by 
Table 6.5 Band parameters for pure l i qu id and solut ion low 
frequency bands for chloroform 
l i qu i d so lu t i on 9 solut ion k 
band centre 
/cm" 1 
36 ±1 U L I J 62±3 
half-band width 
/cm" 1 
52±2 57±5 46±5 
in tens i ty 
3 -1 -2 
/dm mol cm 72±10 12±50 84±50 
0.10 mol dm" Bu 4N +Cl" in chloroform 
0.80 mol dm - 3 Bu.N +Cl" in chloroform 
33>°| 
the addi t ion of the Bu^N+cl s a l t . We propose that the new band occurring in 
the solut ions of Bu^N+Cl in chloroform was due to a col l is ion- induced 
absorption caused by co l l i s ions of ions and ion pairs wi th the polar isable 
chloroform molecules (see chapter 7 ) . 
6.3 Carbon te t rachlor ide spectra 
Spectra of pure carbon te t rach lor ide were recorded for comparison 
with the spectra obtained for the solutions of tetra-n-alkylammonium sa l ts 
dissolved in carbon te t rach lor ide (see sections 4.5 and 4 .6 ) . F ig . 6.10 
shows the spectrum obtained by ra t io ing 0.5116 cm against 0.2504 cm of carbon 
te t rach lor ide using a 100 gauge beam-spl i t ter . 1024 point interferograms 
were recorded, which gave a resolut ion of 3 cm 1 . The band parameters 
obtained fo r spectra at 8 pathlengths are shown in table 6.6. The average 
band centre was found to be 43±2 c m - 1 , and the average half-band width as 
58±3 cm" 1 . The error on the area was found to be ±20 cm" 1 , from the dead 
space measurements,as for the chloroform spectra. The integrated strength 
(area/pathlength) was calculated and the average value computed as 84±40 cm . 
_3 
The density of carbon te t rach lor ide was found to be 1 595 g dm at 293K 
(78) , and with a molecular weight of 154 the molar i ty of pure carbon t e t r a -
_3 
chlor ide was calculated as 10.4 mol dm . Thus the in tens i t y of the low 
-1 3 -1 -2 
frequency absorption centred at 43 cm was found to be 8.1±4 dm mol cm . 
No band f i t s were attempted fo r the pure carbon te t rach lo r ide . 
Table 6.7 correlates the band parameters fo r the low frequency 
band for pure carbon te rach lo r ide , and the low frequency component to the 
overal l p r o f i l e fo r the spectrum of the solut ions of Bu^N+Cl in chloroform. 
The f igures showed that there was no comparison between the two sets of data, 
and thus indicated that the low frequency component for the solut ion spectra 
in carbon te t rachlor ide was un l ike ly to be a perturbed solvent l a t t i c e band. 
6.4 Lithium perchlorate in tetrahydrofuran 
The studies of ionic solvat ion were enlarged to include solvents 
of high p o l a r i t y . These solvents had a large ' P o l e y - H i l l ' (2 ,4 , 79-81) 
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Table 5.7 Band parameters fo r pure l i qu id and solut ion low frequency 
bands fo r carbon te t rach lor ide 
band centre 
, -1 
/cm 
half-band width 
l i qu id 
-1 /cm 
in tens i ty 
3 -1 -2 
/dm mol cm 
43±2 
58±3 
81±4 
so lu t ion ' 
84±3 
68±5 
61±60 
sol ut ion' 3 
73±3 
61 ±5 
295±60 
3 0.098 mol dm"3 Bu 4N +Cl" in carbon te t rach lor ide 
b -3 + -
0.783 mol dm Bu4N CI in carbon te t rach lor ide 
absorpt ion, and thus made impossible studies of the tetra-n-alkylammonium 
sal ts in th is solvent , because of the overlapping of the low frequency bands. 
Thus a solvent had to be found which had i t s character is t ic absorptions at 
frequencies greater than 200 cm \ The absorption of Li+C10^~ in acetone 
was noted to occur at 420±5 cm \ which agreed well with the value of 425±3 
cm 1 obtained by Popov e t . a l . (44). However the spectra in th is region were 
seen to be much confused by overlap of the acetone 390 cm"1 absorpt ion. Thus 
we decided to look at the spectra of L i + C10 4 " i n tetrahydrofuran, which was 
seen to have no absorption bands in the 400 cnf 1 region. 
_3 
F ig . 6.11 shows the spectrum obtained for a 0.250 mol dm solut ion 
of L i + Cl0^ in THF, obtained using a 0.0208 cm pathlength ce l l by ra t io ing 
against the same pathlength of pure THF. The interferograms were recorded 
over 1024 points to give a resolut ion of about 3 cm" 1 . The 15 gauge beam-
s p l i t t e r was used. The band centre was observed at 400±5 cm" 1 , and a high 
frequency component was c lear ly v i s i b le centred at 475±5 cm" 1 . As fa r as can 
be determined the spectra of Li +C10 4~ in THF have not been recorded previously, 
but the sa l t has been studied in several other solvents. In dimethylsulphoxide 
the band centre was 429 cm"1 (45,82); in dipropylsulphoxide 421 cm"1 (45) ; 
in dibutylsulphoxide 426 cm"1 (45); in pyr idine 419 cm" 1 (83) ; in 2 -py r ro l -
idone 400 cm" 1 (84); in l-Me-2-pyrrolidone 398 cm"1 (84). Spectra of many 
other l i t h ium sal ts in THF have been recorded mostly by Edgell e t . a l . . They 
showed that the band centres for the various sal ts in THF were 413 cm - 1 fo r 
L i + Co(C0) 4 " (42) ; 387 cm*1 fo r L i + C l " (42) ; 378 cm"1 fo r L i + Br " (42) ; 373 
fo r L i V (42) ; 407 cm"1 fo r L i + N0 3 " (42) and 412 (42) and 410 cm"1 (41) f o r 
L i + BPh 4 " . Thus the value obtained fo r L i + C10 4 " of 400±5 cm"1 f i t s well in to 
the series of sa l t absorptions in THF. Our resul ts were thus in agreement 
with the suggestion that in lower d i e l e c t r i c constant solvents (THF = 7.58) 
the fa r - i n f ra red v ibrat ional frequency fo r the ion cage v ibra t ion is anion 
dependent. This implied that the anion was a member of the solvent cage, and 
thus gained int imate contact with the ca t ion . This cation-anion contact 
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could be the cause of the high frequency component present in th is system. 
However, no mention of such a high frequency component to any of the spectra 
fo r the sa l t / so lven t systems l i s t ed above, where such cation-anion contact 
was thought to occur, was made in the l i t e r a t u r e . Further studies are 
required before any conclusions can be drawn. 
The band parameters fo r 0.100 and 0.250 mol dm~3 Li+C10^~ in 
THF solut ions are shown in table 6.8, where the area measured was that fo r 
the to ta l p r o f i l e . The band centre was seen to occur at 400±5 c m " \ and had 
a half-band width of 68±5 cm \ The in tens i t y appeared to be concentration 
dependent (although spectra fo r more concentrations were necessary to be 
3 -1 
sure of t h i s ) . The average in tens i ty was calculated as 22 000±4 000 dm mol 
-2 
cm . The half-band widths and in tens i t i es were seen to be of the same order 
of magnitude as for the absorptions of the tetra-n-alkylammonium sa l ts in 
less polar solvents. There thus appeared to be no apparent overr id ing di f ference 
between the fa r - i n f ra red absorptions of polar and non-polar systems. 
Band f i t s were made to the spectra of the 2 concentrations of 
Li +C10^ in THF. The bands were once again found to give the best f i t to the 
Gauss p r o f i l e . The sum funct ion gave a 5% Cauchy contr ibut ion to the overal l 
p r o f i l e . The band f i t to the sum of two Gauss components centred at 398 and 
477 cm 1 fo r the 0.25 mol dm" 3 so lut ion of Li +C10^ in THF is shown in f i g . 
6.12. The band parameters obtained fo r the best f i t s are shown in table 6.9. 
These f i t s indicated that the in tens i ty of the main band was concentration 
dependent, but that the in tens i ty of the high frequency component was invar iant 
wi th concentrat ion. This had been found fo r the tetra-n-alkylammonium sal ts 
in the non-polar solvents. The in tens i t y of the high frequency component was 
3 -1 -2 -1 
f ixed as 1 300±100 dm mol cm , with a band centre of 477±1 cm and a 
half-band width of 53±3 c m " \ 
6.5.1 Sodium iodide in acetone spectra 
To continue the studies of e lec t ro ly tes dissolved in polar solvents, 
and to compare the absorption bands ar is ing with those obtained from non-
Table 6.8 Band parameters fo r the 400 cm ^ to ta l absorption p r o f i l e 
fo r L i + C 1 0 / in THF. 
concentration V 
0 
area in tens i ty 
_3 
/mcl dm /cm ^ /cm ^ /cm ^ 
3 -1 -2 
/dm mol cm 
0.100 400 65 31 
395 66 34 
18 100 
396 65 42 
400 70 37 
0.250 402 70 134 
403 73 136 
26 000 
401 72 125 
403 70 125 
3.H-1 
Table 6.9 Band f i t parameters for L i + C 1 0 / in THF 
concentration V 
0 2 
area in tens i ty 
_3 
/mol dm 
_ 1 
/cm /cm /cm ^ 3 -1 -2 /dm mol cm 
0.100 398 61 23 11 400 
478 55 3 1 400 
0.250 399 66 103 20 600 
477 50 6 1 200 
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polar systems, we decided to look at the spectra of sodium iodide in acetone. 
The sodium sa l t was chosen so that the e lec t ro ly te absorption at 192 cm 1 
(44) was not masked by the 390 cm"1 acetone absorpt ion. F ig . 6.13 shows 
the spectrum obtained fo r a 0.0119 cm pathlength of 0.842 mol dm Na I 
in acetone rat ioed against pure acetone. The band centre was seen to occur 
at about 188 cm \ and i t could be c lear ly seen that the low frequency wing 
of the band was being severely cur ta i led by the ra t io ing out of the acetone 
Poley-Hi l l absorption. The in tens i t y of the low frequency Poley-Hi l l 
absorption appeared to be diminished by the addi t ion of e l e c t r o l y t e , and 
hence the absorption from the acetone in solut ion was less than that from 
the pure solvent background. This decrease in in tens i ty would be expected 
i f some of the dissolved ions took the places of solvent molecules in the 
cage of solvent molecules surrounding the l i b r a t i n g molecule. 
In an attempt to gain the band in tens i ty fo r the Na + I~ in acetone, 
absorption spectra were recorded and rat ioed against a cyclohexane background. 
F ig . 6.14 shows the spectrum obtained for a 0.0119 cm pathlength of 1.0 mol 
dm ^ Na +I in acetone rat ioed against cyclohexane. Attempts were then made 
to determine the in tens i t y of the Na + I~ band, which now occurred as a shoulder 
on the side of the very strong acetone Poley-Hi l l absorpt ion. A curving 
baseline was used to represent the high frequency p r o f i l e fo r the acetone 
absorpt ion, and the area was then measured by planimeter. The band parameters 
fo r the 180 cm 1 band are shown in table 6.10. The two spectra recorded 
against acetone showed a higher in tens i ty than those recorded against 
cyclohexane. This could have been due to the baseline fo r the cyclohexane 
rat ioed spectra being f ixed too high. This was probably caused by the low 
frequency wing of the band being enveloped in the high frequency wing of 
the acetone absorption. The acetone absorption was too strong to allow 
ca lcu lat ion of the in tens i t y of an overlapping band of much lower i n t ens i t y . 
I t thus appeared that the best value for the band in tens i t y from the higher 
concentration solut ions was 12 00±1 000 dm mol cm , obtained from the 
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Table 6.10 Band parameters fo r the 190 cm"1 band for Na + l " in acetone 
concn. V 
0 
area in tens i t y 
_3 
/mol dm /cm
 1 
2 
/cm /cm 1 3 -1 -2 /dm mol cm 
0.052 a 190 44 6.69 
191 42 6.86 6 820 
190 45 7.75 
0.104 b 190 44 10.69 5 140 
0.521 3 190 46 27.85 5 400 
0.824 a 190 80 90.6 10 900 
0.842 a 188 67 129.2 12 920 
1.000b 194 72 78.1 
190 72 70.8 7 040 
196 68 62.5 
rat ioed against acetone 
rat ioed against cyclohexane 
H2> 
acetone r a t i o s . 
The in tens i t y fo r the lower concentrations up to about 0.5 mol 
-3 3 dm was seen to be approximately constant with a value of 6 000±1 000 dm 
-1 -2 
mol cm , and i t thus appeared that the in tens i ty of th is band was concent-
rat ion dependent over the whole range of concentration studied. This observation 
agreed with that of Popov e t . a l . (44) , where they a t t r ibu ted a clean break in 
t he i r peak absorbance/concentration p lo t to represent the replacement of one 
or more acetone molecules in the solvat ion shel l of the L i + cation by the 
C10^~ anion. We would expect the in tens i t y change to be more gradual as the 
concentration of the second type of environment gradually increased. Our 
studies have indicated that the break in the Popov p lo t was due to the solub-
i l i t y l i m i t of the L1+C10^ in acetone being reached. The sa l t would then 
presumably dissolve in the nitromethane, which was used as a d i l u tan t fo r the 
acetone solvent , and th is would then give a d i f f e ren t slope fo r the peak 
absorbance/concentration p l o t . Table 6.10 showed, however, that some changes 
occurred in the environment of the Na+ ca t ion , as the half-band width fo r 
the absorption increased from 44±3 cm ^ to 70±3 cm ^ at the higher concentrations. 
No s i gn i f i can t s h i f t of band centre was observed. Presumably the absorptions 
from the two environments over lap, and the increased uncertainty of the band 
centre determination may well have been due to the presence of the addi t ional 
component to the overal l p r o f i l e . 
6.5.2 Sodium iodide in acetone in the mid- infrared 
The s h i f t i n g of the band centre and i n tens i f i ca t i on of the 390 cm ^ 
in ternal acetone mode in solut ions with dissolved e lec t ro ly tes prompted a 
short study of fu r ther acetone in ternal modes in the mid- infrared region. The 
spectra were recorded using a Grubb-Parsons GS-2A Grating Spectrophotometer, 
coupled to a Solaratron Data Transfer Unit and Solaratron D ig i ta l Voltmeter 
and Westrex Teletype for d i g i t a l recording of the transmission data. 
F ig . 6.15 shows the spectrum fo r the 1095 cm ^ D a n d f ° r P u r e 
_3 
acetone, represented by the so l id l i n e , and fo r a 0.69 mol dm solut ion of 
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Na +I in acetone, represented by the dotted l i n e . The spectra were recorded 
using a 0.0025 cm pathlength ce l l with sodium chlor ide windows. Table 6.11 
shows theband parameters obtained for th is CH^-rocking mode (85) , and i t 
was seen both from the f igure and the tab le , that there was very l i t t l e d i f f e r -
ence in the absorption in th is region in the pure solvent or in the so lu t ion . 
The autocorrelat ion curves fo r the two bands shown as f i g . 6.16 once again 
indicated no s ign i f i can t di f ferences between the CH^-rocking mode in the 
pure solvent or in so lu t i on . 
F ig . 6.17 shows the absorption for the 1216 cm 1 C-C-C 
st retching mode obtained for pure acetone, represented by the so l id l i n e , 
and fo r 0.69 mol dm ^ solut ion of Na +I in acetone, represented by the 
dotted l i n e . Once again the spectra were recorded using a 0.0025 cm pathlength 
c e l l . The manual s l i t s of the spectrometer were set at 33.5 d iv is ions 
which gave a resolut ion of about 1 cm 1 . Very l i t t l e change was observable 
in band centre, in tens i ty or half-band width. I t was in te res t ing to note 
that a high frequency component was observable at 1235 cm 1 in the spectrum 
for the Na +I in acetone so lu t ion . The autocorrelat ion funct ion could not 
be used for comparison of the 1235 cm 1 band in pure acetone, and in the 
Na +I i n acetone so lu t i on , since in the l a t t e r case the autocorrelat ion 
programme AUTO detected the second peak in the overal l absorption p r o f i l e 
and the programme thus f a i l e d . The band f i t t i n g routines could not be used 
to resolve these two components, to enable AUTO to be used on the single 
components, since the former required the band shape to be f i x e d . Further 
studies on the system were abandoned, since no s i gn i f i can t changes were being 
achieved. 
6.6 S i lver perchlorate in benzene and toluene 
Preliminary spectra of s i l v e r perchlorate in benzene solut ion were 
recorded to determine whether s imi la r absorptions to those occurring in 
tetra-n-alkylammonium sal ts in benzene were observed. The s i l v e r cat ion is 
la rge , but has no internal v ib ra t ion modes since only one atom is concerned. 
Table 6.11 Band parameters fo r the 1095 and 1215 cm ' bands fo r pure 
acetone and Na +I in acetone solut ion 
pure acetone 
0.69 mol dm 
pure acetone 
0.69 mol dm -3 
/cm 
1093 
1094 
1093 
Na I in acetone 1094 
1223 
1224 
1224 
Na + l " in acetone 1224 
Av i 
/cm 
15.0 
14.0 
14.0 
14.0 
12.5 
12.5 
14.5 
14.0 
area 
-1 /cm 
11.3 
12.4 
12.0 
12.6 
104.6 
106.0 
106.5 
104.0 
11.9 
12.3 
105.3 
105.3 
1.0 
o 0.4 0 . 9 
0.8 0 .8 X PURE ACETONE 
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The s i l v e r cation was known to have a strong in terac t ion wi th the benzene 
solvent (86-88), and we wondered what e f fects th is might have on the f a r -
in f rared spectra of these systems. 
F ig . 6.18 shows the spectrum obtained fo r a 0.1023 cm pathlength 
of 0.116 mol dm 3 Ag+Cl0^ in benzene, rat ioed against the same pathlength 
of pure benzene solvent. The resolut ion in th is spectrum was about 3 c m - 1 , 
obtained by recording 1024 point interferograms. The 50 gauge beam-spl i t ter 
was used to obtain these spectra. Two band centres were c lear ly observable, 
although the bands overlapped considerably. The band centres were measured 
as 70±5 cm 1 and 140±5 cm \ The area underneath the to ta l absorption p r o f i l e 
was measured by planimeter fo r 2 spectra of the 0.116 mol dm" 3 Ag+C104 in 
benzene recorded at 0.1023 and 0.0517 cm pathlengths. These areas were found 
to be 80 and 39 cm 1 respect ive ly , and gave to ta l band in tens i t i es of 6 700 
3 -1 -2 
and 6 600 dm mol cm . The dead space below the baseline was calculated 
-1 3 -1 -2 
as ±20 cm , which gave an uncertainty of 1 500 dm mol cm on the 
3 
i n tens i t y . The to ta l band in tens i ty was thus calculated as 6±650 1 500 dm 
mol 1 cm 2 fo r the Ag+Cl0^ in benzene system. This in tens i t y was seen to 
be of the same order of magnitude as that obtained fo r the to ta l absorption 
band for the tetra-n-alkylammonium sa l ts in benzene. The in tens i t y fo r the 
3 -1 -2 
l a t t e r systems was 6 000 to 15 000 dm mol cm (see section 4.2) 
A spectrum of 0.78 mol dm"3 Ag+C104 in toluene was also recorded, 
and is shown as f i g . 6.19. The spectrum was rat ioed against pure toluene. A 
50 gauge beam-spl i t ter was used, and the resolut ion was about 3 cm 1 . Two 
bands were c lear ly observable, and the band centres were measured as 70±5 cm"1 
and 135±5 cm \ The area underneath the to ta l absorption p r o f i l e was measured 
-1 3 -1 -2 
as 150 cm , which gave an in tens i t y B.. of 9 158±3 000 dm mol cm . The 
uncertainty was calculated assuming an uncertainty in area of ±50 cm~\ due 
to baseline f i t t i n g . No attempts were made to f i t components to the overal l 
p r o f i l e f o r the single spectrum obtained fo r th i s system. 
Using only the measured band centres fo r the component bands i t 
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was seen that the data for Ag+C10^ in both benzene and toluene was consistent 
with the view that the overal l absorption p r o f i l e contained at least 2 
components. The low frequency component once again seemed to be a perturbed 
benzene and toluene solvent co l l i s i ona l band. The band centres in benzene 
were 75±5 and 140±5 cm \ wh i ls t that of pure benzene was 75±1 cm~\ In 
toluene the band centres were 70±5 and 135±5 cm~\ wh i ls t that of pure toluene 
was 73±3 cm \ These frequencies fur ther suggested that the ' ion aggregate1 
absorption of the Ag+C10^ was occurring at 138±5 cm \ This prel iminary 
study has shown that the Ag+C104~ in benzene and toluene forms systems 
comparable wi th those of the tetra-n-alkylammonium sal ts i n benzene. 
6.7 Summary. 
The work described in th is chapter has shown that the fa r - i n f ra red 
absorptions fo r e lec t ro ly tes dissolved in various solvents of varying re la t i ve 
pe rm i t t i v i t i es and p o l a r i s a b i l i t i e s were in fac t very s im i la r . The band 
parameters showed surpr is ing ly good agreement fo r solut ions in both polar 
and non-polar media. This must cast some doubt upon the widely d i f f e r i n g 
mechanisms which have been proposed to account fo r absorption in these systems. 
I t is possible that some of the absorptions studied here arise from non-
predominant species in the so lu t ions, and since most solut ions w i l l contain 
a spectrum of environments, then the spectra may wel l be expected to be very 
s imi la r in th is case. 
The p o s s i b i l i t y of a high frequency wing to some of these absorp-
t ions in more polar solvents, notably fo r the Na +I in acetone and Li +C10^ 
in THF systems, suggested that s imi lar environments ex is t in these solut ions 
as do fo r B u ^ C l in benzene system. 
Much more work is necessary on these systems before any concrete 
conclusions can be made, but i t has been shown that the work so far was 
consistent with one component to the overal l absorption being due to a 
perturbed solvent co l l i s i ona l mode. (See discussion in chapter 7 ) . 
CHAPTER 7 
DISCUSSION OF THE IONIC SOLVATION 
STUDIES 
7.1 His tor ica l in t roduct ion to the theory of solvat ion 
A d ic t ionary d e f i n i t i o n (89) fo r solvat ion is ' the association 
or combination of molecules of solvent with solute ions or molecules'. A 
solute dissolves in a given solvent because interact ions occur between the 
solvent and the so lute. Statements such as 'N i t ra tes of highly polar is ing 
cations dissolve in carbon te t rach lor ide without in te rac t ion with the solvent ' 
(90) would appear to be incor rec t , because the solute would presumably be 
insoluble i f there were no in te rac t i on . I t would have been more cor rect , in 
th is case, to have said that the in f rared spectrum of the n i t ra tes was not 
changed upon d issolut ion in carbon terach lor ide. Many such instances occur 
in the l i t e r a t u r e , and these may well be due to a general lack of understanding 
of the solvat ion process. 
In the d isso lu t ion of a sa l t the crysta l l a t t i c e is broken down 
in to smaller un i t s , so that microscopic solvat ion by the solvent molecules 
can occur. Ion pairs and single ions w i l l be the basic units in to which the 
sa l t l a t t i c e w i l l be broken down, and i t i s these e n t i t i e s that in te rac t with 
solvent molecules, and make the solute soluble. The energy released when a 
solute par t i c le in teracts with solvent molecules, to form a semi-stable e n t i t y , 
i s known as the solvat ion energy of the solute p a r t i c l e . I t is th is energy 
gain that overcomes the solute crystal l a t t i c e energy, and enables the l a t t i c e 
to be broken down. Thus a sa l t w i l l dissolve i f the ion pair solvat ion (or 
the to ta l of anion so lva t ion , cation solvat ion and the ' i on is ing power1 of 
the solvent) exceeds the crysta l l a t t i c e energy of the s a l t . The 'd issoc ia t ing 
or ionis ing power' of the solvent is the a b i l i t y of the solvent to support 
i on i sa t i on , and is usually ref lected by the re la t i ve p e r m i t t i v i t y . 
Ionic sa l ts are usually found to be soluble in d ipolar aprot ic 
solvents. The sal ts are dissociated in so lu t ion , even fo r poorly solvat ing 
media such as a c e t o n i t r i l e , where there is apparently l i t t l e solvat ion of 
e i ther anion or cations (91) . Anions were also shown to be poorly solvated 
in d ipolar aprot ic solvents (92) . Anions were seen to be less solvated than 
cations in such solvents (93-95), which contrasted with the studies in 
aqueous so lu t ion , where anions had much greater solvat ion energies than 
cations of comparable s ize . (96) . 
Solvation ranges from one extreme, in which donor and acceptor 
properties resu l t in de f i n i t e stable compounds, through intermediate aggreg-
ates and unstable coordination compounds, to very weak van der Waals i n te r -
act ions. The more de f i n i t e in teract ions were the f i r s t to be studied. 
Specif ic donor-acceptor interact ions were observed fo r solut ions of s i l ve r 
sa l ts in ace ton i t r i l e (97). The s i l ve r sa l t was seen to be more soluble in 
acetone than in water. Such spec i f ic in teract ions were used to explain why 
copper( I I ) iodide was more soluble in ace ton i t r i l e than in water (97,98). We 
have attempted to study solvat ion in less-solvat ing solvents such as benzene, 
carbon te t rach lo r ide , chloroform and acetone. Chloroform is a weak prot ic 
solvent (proton donor), which presumably solvates by a weak hydrogen-bonding 
in te rac t i on . Acetone is a d ipolar aprot ic solvent ( re la t i ve pe rm i t t i v i t y 
greater than 15, and hydrogen atoms present not able to form hydrogen bonds), 
fo r which anions are thought to be solvated by ion-dipole in te rac t ions . The 
solvat ion is fu r ther enhanced by in teract ion due to the mutual p o l a r i s a b i l i t y 
of the anion and the solvent molecule. The l a t t e r process becoming increasingly 
important as the size of the anion increases. 
Benzene and carbon te t rachlor ide are non-polar solvents ( re la t i ve 
pe rm i t t i v i t y less than 15). In such solvents there is usually extensive ion 
aggregation (99) . This was thought to be due to the high forces occurring 
between the ions. These forces are much higher than the ion- ion forces 
occurring in polar solvents, where the major in te rac t ion has been seen to be 
between solvent and so lu te . Geddes and Kraus (100) showed tha t , in non-polar 
solvents such as benzene, e lect ro ly tes ex is t as ionic dipoles only at concen-
-5 -3 
t ra t ions below about 10 mol dm . The presence of mult ipoles at higher 
concentrations was deduced from the non-linearity of plots of re la t i ve permi t t -
i v i t y increase, and d i e l e c t r i c po lar isat ion decrease, against concentration 
(101). The authors found that mult ipole formation was minimised for ions 
with high e lec t r i ca l asymmetry. Electro lytes having large symmetrical ions, 
such as Bu^N +, showed a very marked tendency to bu i ld up highly complex 
neutral structures or aggregates. The association of ion dipoles was also 
governed by the dipole moment of the ion pair (102). Freezing point depression 
work (103) indicated that fo r 0.01 mol dm solut ions of tetraisoamylammonium 
n i t ra te in dioxane the apparent molecular weight was 4-times the formula 
weight. This indicated that there was association of 4 ion pa i r s , even at 
-4 
th is re la t i ve l y low concentrat ion. Only at a concentration of about 2x10 
-3 
mol dm was the apparent molecular weight close to the formula weight. For 
the s i l ve r perchlorate in benzene system apparent molecular weight determin-
-4 -3 
ations (104) have shown that 2 ion pairs predominate at 2x10 mol dm . For 
tetra-n-butylammonium thiocyanate in benzene (102) freezing point depression 
_3 
has shown that f o r 0.1 mol dm so lu t ion the association number (the ra t i o 
of apparent molecular weight to the formula weight) was about 20. The assoc-
-3 -3 ia t ion number was 30 fo r 0.2 mol dm , with a maximum of 32 fo r 0.3 mol dm , 
_3 
decreasing to about 20 for 0.8 mol dm s a l t . Conductivity measurements also 
indicated that considerable increase in the number of ions present was 
occurring with increasing concentrat ion. The conduct iv i ty passed through a 
minimum wi th increasing concentrat ion. No attempt was made in any of these 
studies to discuss the nature of the ions produced by such concentration 
changes. Strong and Kraus (73) suggested that concentrated benzene solut ions 
should be considered as solut ions of benzene in the fused s a l t . For solvents 
of low re la t i ve p e r m i t t i v i t y , the d issociat ion constant was found to increase 
with temperature (105). This indicated that the association decreased with 
increasing temperature. 
Szwarc, in his extensive study of ionic solvat ion (106), suggested 
that ion pairs could ex is t in two d i s t i n c t forms as loose and t i g h t ion pa i rs . 
He reasoned that an ion surrounded by a t i gh t solvat ion shel l could approach 
a counterion without hindrance u n t i l i t s solvat ion shell contacted the 
3^ 
partner. Thereafter, the associate e i ther maintained the structure of a 
solvent separated, loose ion pa i r , or the solvent molecules separating the 
partners were squeezed out and a t i g h t contact ion pair formed. For solut ions 
of tetra-n-alkylammoniurn sal ts in low re la t i ve pe rm i t t i v i t y solvents, the 
pe rm i t t i v i t y was seen to have very l i t t l e e f f ec t on the calculated dipole 
moment of the ion pair (107). Szwarc (106) used th is to establ ish that the 
cation and anion in the ion pair polarised each other at int imate contact, 
as envisaged by the model of the contact ion pa i r . Molecular models fo r the 
tetra-n-alkylammoniurn ions have been constructed in th is laboratory. They 
were seen to have an open s t ruc ture , consist ing of a central core and four 
a lkyl limbs pro ject ing at tetrahedral d i rect ions in to the solvent. The ion 
pair i s thought to have the anion s i t t i n g on the threefold axis ( i . e . in the 
cavity formed by the three alkyl l imbs) , so that the centres of charge were 
at the distance of closest approach. 
Thus the data obtained from conduct iv i ty studies and co l l i ga t i ve 
properties suggested that a complete spectrum of environments ex is t in 
so lu t ion . These range from the completely separate solvent surrounded ions 
in polar systems, through systems where the counterion enters the solvat ion 
shel l of the f i r s t i on , to ion pairs and higher aggregates where the solvent 
molecule has been expelled from the close proximity of the ions. This leads 
to d i f f i c u l t i e s in understanding the role of the solvent in these systems. 
A vast l i t e r a t u r e of electrochemical studies of ionic solvat ion has been 
b u i l t up, both fo r polar and non-polar solvents (73,100-104,108-133), and 
the ideas concerning solvat ion in very d i l u te solut ion are f a i r l y well 
understood. 
7.2 Previous in f rared studies and in terpreta t ions 
The early work using in f rared spectroscopy did not easi ly lead 
to such simple conclusions as the electrochemical s tudies. In fac t much 
confusion was generated by the early spectroscopic studies. There was a 
general lack of convincing nature of i n te rp re ta t i on . The fo l lowing summary 
abstracts the work which produced conclusions in accord with the bulk of the 
inf rared work. Many contr ibut ions have not been considered. Edgell (106) 
summarised the spectroscopic work admirably. The low wavenumber spectra of 
a l ka l i metal sa l ts in polar solvents, such as acetone (44) and dialkylsulphates 
(45,82,134,135) were seen to be anion independent, and were explained by 
assuming that the a l ka l i ion vibrated in solut ion re la t i ve to i t s cage of 
neighbouring molecules. This v ib ra t ion af fected the v ibrat ions and hence the 
absorptions of surrounding solvent molecules. In less polar solvents (e .g . 
THF (43,136)) the low wavenumber in f rared absorptions were found to be anion 
dependent, and th is was explained by assuming that the near-neighbour solut ion 
species (e i ther solvent molecules or anions) may have small displacements 
in the v i b ra t i on , in addit ion to the displacement of the a l ka l i i on . Thus in 
THF solut ions the anion was placed in the near-neighbour environment of the 
cat ion . Solvent molecules must also be near neighbours of the a l ka l i ion on 
physical grounds, and must make a s i gn i f i can t contr ibut ion to the force 
causing the a l k a l i ion v ibra t ion in THF so lu t ions. This suggested a model 
fo r th is v ib ra t ion in THF, in which the a l ka l i ion vibrated in a cage formed 
by solvent molecules and anions. The cage elements, as well as the a l k a l i 
i on , move in the v ib ra t ion as was suggested by the frequency var ia t ion with 
both cation change and cation isotope subs t i t u t i on . For solut ions in D.M.S.O. 
fo r instance, which showed no such anion dependence, i t appeared that a l l 
cation near neighbours were solvent molecules. Two types of solvent st ructure 
were seen to be capable of giv ing r ise to such a cage, ( i ) The cat ion and 
anion together with solvent molecules were coupled in a single s t ruc tura l 
un i t of some s t a b i l i t y , wi th one or more molecules between the two ions. This 
was known as a solvent-separated ion pa i r , ( i i ) The anion occupied a less 
stable s t ruc tura l posi t ion in the solvent , which would be at r e l a t i v e l y 
larger distances from the cation and i t s solvent near neighbours. The ions 
were then free ions. Another type of so lut ion en t i t y predominating in low 
re la t i ve pe rm i t t i v i t y solvents were c lus ter ions as already discussed. 
2*S) 
Popov, by vapour phase osometric measurements (137), showed 
that fo r l i t h ium chlor ide solutions in acetone i t was reasonable to assume 
that in addi t ion to contact ion pa i rs , there existed in solut ion higher ionic 
or molecular aggregates. This resu l t agreed wi th spectroscopic (44) , conduc-
t i v i t y (138) and k ine t ic isotope exchange measurements (139) on the bromide 
and chlor ide s a l t s . 
23 7 
Na and Li N.M.R. measurements have been used fo r e luc idat ion 
of immediate chemical environment of the ions in d i f f e ren t solvents (140-152). 
N.M.R. probes have also been used to determine preferent ia l solvat ion in 
mixed solvents (144). 
Very low frequency (0.01 to 0.3 cm ^) re la t i ve pe rm i t t i v i t y 
studies by Lestrade e t . a l . and others (49-52,153-160) have been used to 
study the r e l a t i v e l y long time behaviour of dissolved e lec t ro ly te so lu t ions. 
The complex pe rm i t t i v i t y studies showed the behaviour of systems in the time 
scale 3 000 to 100 ps, whereas the fa r - i n f ra red region shows the behaviour 
in the time scale 3 to 0.1 ps. A large var ie ty of s a l t s , over wide concentrat-
ion ranges, have been studied in both polar and non-polar solvents. Studies 
include L i + C10 4 " , M g 2 + ( C 1 0 4 " ) 2 , L i + C l ~ , L i V and B u 4 N + f in ethanol (153), 
and L i + C10 4 in ethyl acetate (155) and in tetrahydrofuran and benzene mixtures 
(49) . In the l a t t e r study a model was proposed, which involved the Brownian 
l inear motion of the ions between c o l l i s i o n s . Tri-butylammonium picrate in 
benzene (156), and tetra-n-butylammonium bromide and thiocyanate in benzene 
(154) have also been studied, and i t was shown that the observed relaxat ion 
processes were more complex in th is non-polar solvent , than in more polar 
solvents. Lithium chlor ide has also been studied in ethyl acetate and t e t r a -
hydrofuran (52) . These studies showed that the complex pe rm i t t i v i t y functions 
fo r e lec t ro ly te systems were seen to be very s imi la r in both polar and non-
polar solvents. 
Many d i f f e ren t techniques have been employed in the presentation 
of f a r - i n f ra red spectroscopic data. We have used a transmittance/1inear 
3)0 
wavenumber p lo t in a l l our experimental work. We thus decided to study the 
a p p l i c a b i l i t y of l inear wavenumber plots and in tens i t y calculat ions for very 
low frequency bands. 
Infrared spectra have conventionally been represented by p lo t t i ng 
transmittance or absorbance as a l inear funct ion of wavenumber. The l inear 
wavenumber funct ion was applicable in the normal in f rared region, where the 
absorptions were due to the v ibrat ions of molecules, since the absorption 
energy was equal to the band v ibra t ion energy, which approximated to that of 
an harmonic o s c i l l a t o r (161). Thus the spectrum is a funct ion of absorption 
against energy, which has been conventionally represented on a wavenumber 
scale. The absorption bands in the in f rared were of ten seen to be symmetrical 
when represented as a l inear funct ion of wavenumber, and hence the spectra were 
represented thus. The bands were symmetrical since the harmonic v ib ra t ion 
potent ia l wells were symmetrical as a funct ion of internuclear distance, the 
var ia t ion of th is causing the dipole moment changes which give r i se to the 
absorption. 
The low frequency bands that we have observed were of ten far from 
symmetrical. Indeed fo r bands occurring at a frequency of about.30 cm~^, 
wi th a half-band width measured as 80 cm ^ i t is impossible for the bands to 
be symmetrical on a l inear wavenumber scale, (since negative frequencies 
are impossible) The study of the theory of lineshapes of absorption bands is 
s t i l l very much in i t s infancy, even for simple systems, and l i t t l e work 
has been accomplished for the condensed phase. The broad absorptions of 
compressed carbon dioxide gas in the fa r - i n f ra red have led to a theory of 
lineshape fo r the co l l i s i ona l process (162,163), which led the in f rared 
spectroscopists to p lo t absorption bands as l inear wavenumber funct ions. 
However s imi la r studies have also produced resul ts represented as a logarithmn 
wavenumber p lo t (164), and so studies of lineshape have not rea l l y assisted in 
the problems of representation of spectra. 
To determine the ef fects of d i f f e ren t p l o t t i ng procedures on our 
observed spectra, and indeed to determine i f there was any noticeable e f fec t 
on the presence of the three proposed components to the overal l p r o f i l e , 
one of the recorded spectra has been p lot ted under the various functions 
possible. Table 7.1 shows the absorbance data as a funct ion of wavenumber 
fo r a spectrum obtained fo r a 0.70 mol dm"^ so lut ion of Bu 4N+Cl~ in benzene, 
which was considered typ ica l fo r the systems in th i s work. Logarithmn wave-
number, the wavenumberxabsorbance product, absorbance/wavenumber and logar-
ithmn absorbance are also tabulated. Figs. 7.1 to 7.6 show the various 'spectra ' 
obtained by d i f f e ren t p lo t t i ng of th is data. F ig . 7.1 shows the absorbance/ 
wavenumber p lo t as used fo r representation of spectra in th is work. The 
component band centres appeared at 68, 108 and 190 cm"^ as indicated by 
the arrows. The low frequency wing of these low frequency absorptions can 
be minimised by p lo t t i ng the spectrum as the product wavenumber x absorbance 
as a funct ion of wavenumber. The spectrum was p lot ted in th is manner in f i g . 
7.2, which now c lear ly showed the presence of the high frequency component. 
The component centres were seen to be at 68, 116 and 200 c m " \ the lowest 
frequency component being only detectable as a small shoulder. The s l i g h t 
s h i f t to higher frequency for the components in th i s representation was due 
to the mu l t i p l i ca t i on by wavenumber, which emphasised any band towards high 
frequency. The low frequency wing of the band was emphasised by p l o t t i ng 
absorbance/wavenumber as a funct ion of wavenumber as shown in f i g . 7.3. As 
was expected the high frequency component was only v i s i b le at 190 cm ^ as a 
shoulder, and the two other components were sh i f ted to lower frequency than 
that seen in the normal absorbance p l o t . The lower frequency components were 
measured as having band centres at 49 and 88 cm \ Amplifying the low f r eq -
uency wing was seen to emphasise the poor s ignal - to-noise ra t i o at low 
frequency. The common logarithmn absorbance as a funct ion of wavenumber p lo t 
of f i g . 7.4 was seen to compress the high frequency absorbance values, and 
thus would be benef ic ia l fo r strongly absorbing systems. This p lo t showed no 
benef i t f o r our systems, but did confirm component bands at 68, 108 and 190 
Table 7.1 Absorbance/Wavenumber data fo r f i g s . 7.1 to 7.6 
V log v a av a/v log a 
/cm ^ /cm 1 /neper /neper cm ^ /neper cm /neper 
9.8 0.990 0.000 0.00 0.0000 -oo 
14.7 1.166 0.110 1.61 0.0075 -0.959 
19.5 1.291 0.103 2.01 0.0053 -1.000 
24.4 1.388 0.505 12.33 0.0207 -0.692 
29.3 1.467 0.624 18.29 0.0213 -0.205 
34.2 1.534 0.805 27.50 0.0235 -0.094 
39.1 1.592 0.874 34.15 0.0224 -0.059 
44.0 1.643 0.968 42.56 0.0220 -0.014 
48.9 1.689 1.117 54.52 0.0229 0.048 
53.7 1.730 1.206 64.76 0.0225 0.081 
58.6 1.768 1.312 76.89 0.0224 0.118 
63.5 1.803 1.378 87.50 0.0217 0.139 
68.4 1.835 1.487 101.67 0.0218 0.172 
73.2 1.865 1.501 109.90 0.0205 0.176 
78.1 1.893 1.678 131.12 0.0215 0.225 
83.0 1.919 1.780 147.73 0.0214 0.250 
87.9 1.944 1.929 169.53 0.0220 0.285 
92.8 1.967 2.029 188.21 0.0219 0.307 
97.7 1.990 2.106 205.69 0.0216 0.323 
102.5 2.011 2.146 220.01 0.0209 0.332 
107.4 2.031 2.119 227.58 0.0197 0.326 
112.3 2.050 2.157 242.21 0.0192 0.334 
117.2 2.069 2.130 249.65 0.0182 0.328 
122.1 2.087 2.013 245.71 0.0165 0.304 
127.0 2.120 1.730 228.07 0.0131 0.238 
3 ] 3 
Table 7.1 (continued) 
V log v a av a/v log a 
V n T 1 
/ cm 
/cm" 1 /neper /neper cm 1 /neper cm /neper 
131.8 2.120 1.730 228.07 0.0131 0.238 
136.7 2.136 1.508 206.15 0.0110 0.178 
141.6 2.151 1.360 192.60 0.0096 0.134 
146.5 2.166 1.170 171.43 0.0080 0.068 
151.4 2.180 1.047 158.53 0.0069 0.020 
156.3 2.194 0.984 153.73 0.0063 -0.007 
161.1 2.207 0.948 152.78 0.0059 -0.023 
166.0 2.220 0.920 152.66 0.0055 -0.036 
170.9 2.233 0.888 151.74 0.0052 -0.052 
175.8 2.245 0.877 154.11 0.0050 -0.057 
180.7 2.257 0.858 154.92 0.0047 -0.067 
185.6 2.269 0.838 155.51 0.0045 -0.077 
190.4 2.280 0.857 163.20 0.0045 -0.067 
195.3 2.291 0.832 162.50 0.0043 -0.080 
200.2 2.301 0.822 164.46 0.0041 -0.085 
205.1 2.312 0.745 152.74 0.0036 -0.128 
210.0 2.322 0.709 148.86 0.0034 -0.149 
214.8 2.332 0.687 147.51 0.0032 -0.163 
219.7 2.342 0.599 131.57 0.0027 -0.223 
224.6 2.351 0.573 128.63 0.0026 -0.242 
229.5 2.361 0.523 120.00 0.0023 -0.282 
234.4 2.370 0.452 105.89 0.0019 -0.345 
239.3 2.379 0.492 117.62 0.0021 -0.308 
244.1 2.388 0.464 113.21 0.0019 -0.334 
249.0 2.396 0.471 117.44 0.0025 -0.327 
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a) IN ev-er^ o> 
cm \ F i g . 7 .5 shows t h e p l o t o b t a i n e d when absorbance was t a k e n as a 
f u n c t i o n o f l o g a r i t h m n o f wavenumber. The low wavenumber r e g i o n was expanded 
and t h i s was seen t o be a u s e f u l method f o r f a r - i n f r a r e d s p e c t r a r e p r e s e n t a t -
i o n be low abou t 100 cm \ Components were seen a t 6 9 , 110 and 190 cm~\ 
showing no s i g n i f i c a n t s h i f t f r o m t h o s e o b t a i n e d f o r t h e normal abso rbance 
a g a i n s t wavenumber p l o t . F i n a l l y f i g . 7 .6 shows t h e s p e c t r u m as a l o g a r i t h m n 
abso rbance a g a i n s t l o g a r i t h m n wavenumber p l o t . T h i s p l o t expanded b o t h t h e 
low f r e q u e n c y and low abso rbance r e g i o n s as e x p e c t e d , and once a g a i n showed 
component c e n t r e s a t 6 9 , 110 and 190 c m " 1 . 
I t t hus appeared t h a t a l l t h e s p e c t r a were u s e f u l i n q u a l i f i c a t i o n 
o f t h e s u s p e c t e d p resence o f component bands t o an o v e r a l l p r o f i l e , w i t h t h e 
p o s s i b l e e x c e p t i o n s o f t h e av and a / v p l o t s , w h i c h were seen t o d i s t o r t t h e 
s p e c t r u m and t o i n c r e a s e asymmet r y . I n t h i s work l i n e a r a b s o r b a n c e / l i n e a r 
wavenumber p l o t s have been used t h r o u g h o u t f o r r e p r e s e n t a t i o n o f s p e c t r a , 
and t h e d a t a was t h u s p r e s e n t e d i n t h e f o r m most common i n s p e c t r o s c o p y . 
We now t u r n t o t h e more c o m p l i c a t e d p r o b l e m o f t h e a p p l i c a b i l i t y 
o f i n t e n s i t y c a l c u l a t i o n s f r o m t h e s e v e r y b r o a d , v e r y low f r e q u e n c y b a n d s . 
The i n t e n s i t y has been c a l c u l a t e d f r o m e q n . 4 . 2 , w h i c h i s r e p e a t e d here 
f o r c l a r i t y ; 
B = / e ( v ) . d v 7 .1 
band 
where e ( v ) i s t h e e x t i n c t i o n c o e f f i c i e n t c a l c u l a t e d a s ; 
e ( v ) = a ( v ) / c £ 7 .2 
Eqn . 7 .1 i s v a l i d o n l y when t h e range o f i n t e g r a t i o n i s m i n i m a l w i t h r e s p e c t 
t o t h e f r e q u e n c y o f maximal a b s o r p t i o n . T h i s i s seen t o be t h e case f o r 
bands i n t h e 3 000 c m " 1 r e g i o n w i t h h a l f - b a n d w i d t h s o f t h e o r d e r o f 10 c m " 1 , 
where t h e range o f i n t e g r a t i o n i s l i k e l y t o be o n l y 50 cm 1 . To d i s c o v e r t h e 
reasons b e h i n d t he l i m i t a t i o n o f t h e v i a b i l i t y o f t h e i n t e n s i t y c a l c u l a t i o n 
v i a e q n . 7 .1 we need t o c o n s i d e r t h e quantum m e c h a n i c a l app roach t o t h e 
t h e o r y o f r a d i a t i o n a b s o r p t i o n . 
E i n s t e i n d e v e l o p e d a t h e o r y f o r a b s o r p t i o n o f r a d i a t i o n , and 
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i n t r o d u c e d a c o e f f i c i e n t B ^ . , known as E i n s t e i n ' s c o e f f i c i e n t o f s t i m u l a t e d 
a b s o r p t i o n ( 1 6 5 ) . T r a n s i t i o n s f r o m t h e i n i t i a l t o f i n a l s t a t e s were seen t o 
o c c u r w i t h a p r o b a b i l i t y w h i c h was p r o p o r t i o n a l t o t h e squa re o f t h e t r a n s -
i t i o n d i p o l e moment between i n i t i a l and f i n a l s t a t e s ( 1 6 6 ) ; 
B f i « M f i | 2 7 . 3 
The e x t i n c t i o n c o e f f i c i e n t o b t a i n e d by c a l c u l a t i o n f r o m t h e t r a n s i t i o n 
p r o b a b i l i t y has been r e l a t e d t o t h e e x t i n c t i o n c o e f f i c i e n t o b t a i n e d 
e x p e r i m e n t a l l y ( 1 6 6 ) ; 
e ( v ) = ( 1 0 3 / l n l O ) . L h v B f i ( v ) 7 . 4 
where L i s A v o g a d r o ' s number 
and h i s P l a n c k ' s c o n s t a n t 
Thus t h e i n t e g r a l o v e r t h e a b s o r p t i o n b a n d , as measured e x p e r i m e n t a l l y by 
t h e a rea under t h e a b s o r p t i o n p r o f i l e , i s g i v e n b y ; 
/ e ( v ) . d v = ( 1 0 3 / l n l O ) . L h / vB ( v ) . d v 7 .5 
band band 
The i n t e g r a l o f t h e r i g h t hand s i d e o f e q n . 7 .5 c a n n o t be d e t e r m i n e d , s i n c e 
E i n s t e i n ' s c o e f f i c i e n t i s n o t known as a f u n c t i o n o f wavenumber. To e n a b l e 
t h e r e l a t i o n s h i p between m i c r o s c o p i c and m a c r o s c o p i c p a r a m e t e r s t o be d e v e l -
oped i t has been assumed t h a t b o t h t h e wavenumber v , and t h e E i n s t e i n c o e f f i c 
i e n t B ^ ( v ) a re c o n s t a n t o v e r t h e r e g i o n o f i n t e g r a t i o n o f t h e b a n d , i . e . 
o v e r t h e t o t a l b a n d - w i d t h . C l e a r l y t h i s a p p r o x i m a t i o n w i l l o n l y be v a l i d when 
t h e band i s v e r y na r row o r , more p r e c i s e l y , when t h e t o t a l band w i d t h o v e r 
w h i c h t h e i n t e g r a t i o n t a k e s p l a c e i s n e g l i g i b l e w i t h r e s p e c t t o t h e wavenumbe 
o f maximum a b s o r p t i o n . Thus f o r v e r y n a r r o w bands a t h i g h f r e q u e n c y t h e 
a p p r o x i m a t i o n i n e q n . 7 .6 i s v a l i d ; 
/ e ( v ) . d v ^ ( 1 0 3 / l n l O ) . L h v , . B , . ( v , , ) 7 .6 
band n n n 
where i s t h e wavenumber o f maximum a b s o r p t i o n , c o r r e s p o n d i n g 
t o t h e e n e r g y d i f f e r e n c e between i n i t i a l and f i n a l s t a t e s . 
and B^.. ( v . ^ ) i s t h e E i n s t e i n c o e f f i c i e n t a t t h e f r e q u e n c y o f 
maximum a b s o r p t i o n . 
Thus t h e a b s o r p t i o n bands f o r o u r sys tems w i l l g i v e i n t e g r a t e d i n t e n s i t i e s 
w h i c h a r e u n l i k e l y t o c o r r e s p o n d t o i n t e n s i t i e s c a l c u l a t e d f r o m m i c r o s c o p i c 
p r o p e r t i e s , s i n c e t h e band w i d t h was by no means n e g l i g i b l e w i t h r e s p e c t 
e 
t o t h e f r e q u e n c y o f maximum a b s o r p t i o n . I t i s i n v e s t i n g t o no te w i t h r e g a r d 
t o i n t e n s i t y c a l c u l a t i o n s , t h a t s a t i s f a c t i o n o f e q n . 7 .6 r e l i e s on t h e m i n -
imum i n t e g r a t i o n r a n g e . T h i s i s o p p o s i t e t o t h e usua l r e q u i r e m e n t t h a t i n t e g -
r a t i o n must be c a r r i e d o u t o v e r t h e who le b a n d . A c c o r d i n g t o t h e o r y f o r 
Gauss and e s p e c i a l l y Cauchy p r o f i l e s t h i s n e c e s s i t a t e s i n t e g r a t i o n f r o m +°° 
t o -°= ( 1 6 7 ) . C l e a r l y t h e r e l a t i n g o f i n t e n s i t y d a t a t o m i c r o s c o p i c p r o p e r t i e s 
i s bound t o be f r a u g h t w i t h d i f f i c u l t y . 
I n t e n s i t y c a l c u l a t i o n s have a l s o been made ( 1 6 4 , 1 6 8 ) u s i n g a 
n a t u r a l l o g a r i t h m n wavenumber ene rgy a x i s , t h e i n t e n s i t y t h e n b e i n g g i v e n 
by ( r e f . 1 6 9 , c h a p . 1 0 ) ; 
r = / e ( l n v ) . d ( l n v ) 7 .7 
band 
The r e l a t i o n t o t h e E i n s t e i n c o e f f i c i e n t now b e i n g ; 
/ e ( l n v ) . d ( l n v ) ^ ( 1 0 3 / 1 n l O ) . L h l n ( v , . ) B ( 1 n v , . ) 7 . 8 
band n n n 
Where t h e c o n d i t i o n s f o r c l o s e a p p r o x i m a t i o n a re now t h a t t h e l o g a r i t h m n 
o f t h e band w i d t h i n wavenumbers i s n e g l i g i b l e w i t h r e s p e c t t o t h e l o g a r i t h m n 
o f t h e wavenumber o f t h e band c e n t r e . T h i s c o n d i t i o n i s more e a s i l y s a t i s f i e d 
f o r low f r e q u e n c y b a n d s , due t o t h e l o g a r i t h m i c s c a l e and t h e c o m p r e s s i o n 
o f t h e h i g h e r wavenumber d a t a where t h e a b s o r p t i o n w i l l o c c u r ( see f i g . 7 . 5 ) . 
T h i s method was n o t chosen because o f t h e e x p a n s i o n o f t h e low f r e q u e n c y 
d a t a , w h i c h was o f r e l a t i v e l y low q u a l i t y , due t o o u r e x p e r i m e n t a l a r r a n g e -
ment (see c h a p t e r 3 ) . 
7 . 3 The aims o f t h i s work i n t e rms o f i n t e r p r e t a t i o n 
Th ree q u e s t i o n s a r i s e d u r i n g t h e i n t e r p r e t a t i o n o f t h e f a r - i n f r a r e d 
s p e c t r a f o r t h e s o l u t i o n s o f s a l t s i n r e l a t i v e l y n o n - p o l a r m e d i a . The f i r s t 
a im o f t h i s work was t h e a s s i g n m e n t o f t h e bands i n t h e obse rved s p e c t r a . 
T h i s i n v o l v e d t h e a s s i g n m e n t o f t h e s e bands t o t h e v a r i o u s dynamic phenomena 
w h i c h can o c c u r i n t h i s r e g i o n o f t h e s p e c t r u m . T h i s a s s i g n m e n t was t h e n t e s t e d 
by t h e s t u d y o f s p e c t r a l v a r i a t i o n s w i t h p a r a m e t e r s such as c o n c e n t r a t i o n 
and t e m p e r a t u r e . The s o l v e n t and i o n dependence o f t h e s p e c t r a were a l s o 
s t u d i e d t o a s s i s t i n t h e v e r i f i c a t i o n o f t h e a s s i g n m e n t s . 
S e c o n d l y v a r i o u s models were t o be used f o r t h e d e s c r i p t i o n 
o f t h e i n t e r a c t i v e and d y n a m i c a l p rocesses c o n t r i b u t i n g t o t h e f a r - i n f r a r e d 
s p e c t r a . S i m p l e e l e c t r o s t a t i c ( a n i o n - c a t i o n v i b r a t i o n ) and p o l a r i s a t i o n 
( i n d u c e d d i p o l e - i o n i n t e r a c t i o n s ) models have been c o n s i d e r e d , and a re 
d i s c u s s e d l a t e r i n t h i s c h a p t e r . A more c o m p l i c a t e d o r i e n t a t i o n / t r a n s l a t i o n 
m o d e l , based on t h e s t o c h a s t i c a l l y m o d u l a t e d o s c i l l a t o r t h e o r y o f Kubo has 
a l s o been c o n s i d e r e d . T h i s l a t t e r model c o n s i d e r s t h e v i b r a t i o n a l mode t o 
be a s o l v e n t s u r r o u n d e d i o n p a i r ( w h i c h i s u n r e a l i s t i c f o r a n y t h i n g b u t a 
v e r y d i l u t e s o l u t i o n , b u t w h i c h may be a p p l i c a b l e s i n c e t h e s p e c t r a v a r y 
l i t t l e w i t h c o n c e n t r a t i o n ) . The i o n p a i r s a r e t h e n c o n s i d e r e d t o be i n 
p s e u d o - i s o l a t i o n and a re t r e a t e d as though t h e y a r e q u a s i - s t a t i o n a r y . T h i s 
i s p o s s i b l e s i n c e t h e f a r - i n f r a r e d s t u d i e s between 33 cm ^ and 330 cm ^ 
c o r r e s p o n d t o r e l a x a t i o n t i m e s o f 1.0 and 0 . 1 p s e c . r e s p e c t i v e l y , whereas 
L e s t r a d e has shown , by d i p o l a r r e l a x a t i o n measuremen ts , t h a t t h e e l a p s e d 
t i m e between c o l l i s i o n s f o r such sys tems i s o f t h e o r d e r 100 t o 300 p s e c . 
( 4 9 - 5 1 , 1 5 7 ) . The model t h u s c o n s i d e r e d i n v o l v e s a s t a b l e v i b r a t i n g i o n p a i r , 
i n w h i c h t h e l i f e t i m e i s l o n g compared w i t h t h e v i b r a t i o n a l p e r i o d , whose 
s o l v a t i o n s h e l l o f s u r r o u n d i n g s o l v e n t m o l e c u l e s i s c o ^ i d e r a b l y p e r t u r b e d 
by i n t e r a c t i o n s w i t h t h e cha rged s p e c i e s . T h i s model w i l l be c o n s i d e r e d 
e l s e w h e r e ( 1 7 0 ) . 
The t h i r d a im was t o c o r r e l a t e t h e s p e c t r a l p r o p e r t i e s w i t h o t h e 
d a t a . E l e c t r o c h e m i c a l d a t a such as c o n d u c t i v i t y measuremen ts , and c o l l i g a t i 
p r o p e r t i e s such as f r e e z i n g p o i n t d e p r e s s i o n s and o s m o t i c p r e s s u r e measu re -
ments were c o n s i d e r e d t o be e s p e c i a l l y i m p o r t a n t . 
7 .4 Ass ignmen t o f bands 
7 . 4 . 1 I n t r o d u c t i o n 
I t i s a p p r o p r i a t e here t o c o n s i d e r t h e n a t u r e o f t h e p o s s i b l e 
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p rocesses l e a d i n g t o a b s o r p t i o n i n t h e f a r - i n f r a r e d f o r t h e systems under 
c o n s i d e r a t i o n . These a re as f o l l o w s ; 
1 . Low f r e q u e n c y i n t e r n a l modes o r d i f f e r e n c e b a n d s . I n t h e case o f t h e 
t e t r a - n - b u t y l a m m o n i u m s a l t s t h e s e may a r i s e i n e i t h e r t h e c a t i o n , o r i n 
t h e case o f t h e p e r c h l o r a t e s a l t i n t h e a n i o n as w e l l , s i n c e t h e l a t t e r i s 
a p o l y a t o m i c s p e c i e s . 
2 . Low f r e q u e n c y s t r e t c h i n g modes o f i o n p a i r s and c l u s t e r s . There w i l l be 
a l a r g e number o f p o s s i b i l i t i e s f o r such s t r e t c h i n g modes as d i s c u s s e d i n 
c h a p t e r 4 . 
3 . The h i g h f r e q u e n c y w i n g o r p l a t e a u o f t h e Debye r e l a x a t i o n a l a b s o r p t i o n . 
4 . The P o l e y - H i l l ( 2 , 4 , 7 9 - 8 1 ) a b s o r p t i o n , w h i c h i s t h e s h o r t t i m e p a r t o f 
t h e Debye p r o c e s s . T h i s i n v o l v e s t h e l i b r a t i o n ( t o r s i o n a l o s c i l l a t i o n ) o f 
a d i p o l e w i t h i n a cage o f s o l v e n t m o l e c u l e s . The s u r r o u n d i n g m o l e c u l e s 
p r o v i d e a p o t e n t i a l w e l l i n w h i c h t h e d i p o l e l i b r a t e s . The Debye a b s o r p t i o n 
(171) i s due t o r e o r i e n t a t i o n o f a permanent d i p o l e , p a r t i c u l a r l y by 
r o t a t i o n a l and d i f f u s i o n a l p r o c e s s e s . Debye a b s o r p t i o n i s o b s e r v e d p r i n c i p a l l y 
i n t h e m ic rowave r e g i o n , b u t a p l a t e a u e x t e n d s i n t o t h e f a r - i n f r a r e d r e g i o n 
up t o abou t 100 c m " 1 ( 1 7 2 , 1 7 3 ) . 
5 . C o l l i s i o n i n d u c e d a b s o r p t i o n ( 1 7 4 - 1 8 1 ) . The m o t i o n o f i o n s and i o n p a i r s 
w i t h i n t h e s o l u t i o n causes v a r i a t i o n s i n e l e c t r i c a l f i e l d s . T h i s l e a d s t o 
p r o d u c t i o n o f a t r a n s i e n t d i p o l e , w h i c h causes a b s o r p t i o n o f r a d i a t i o n . The 
a b s o r p t i o n w i l l have f r e q u e n c i e s c o r r e s p o n d i n g t o t h e c o l l i s i o n r a t e s i n t h e 
l i q u i d s ( i . e . i n t h e 30 t o 300 cm 1 r e g i o n . ) . Such a b s o r p t i o n s a re known f o r 
s i m p l e n o n - p o l a r l i q u i d s ( 1 8 2 - 1 8 6 ) . I n o u r sys tem t h e i n t e r a c t i o n s w i l l be 
e x p e c t e d t o be o f t h e d i p o l e - i n d u c e d d i p o l e t y p e . There w i l l be many d i f f e r e n t 
e f f e c t s due t o t h e many p o s s i b l e m u l t i p o l e s , and t h e c o m p l e x i t y o f t h e sys tem 
w i l l be f u r t h e r i n c r e a s e d by t h e p o s s i b i l i t y o f ' s e l f and ' c r o s s ' p o l a r i s -
a t i o n te rms between t h e i o n s and t h e s o l v e n t . 
The low f r e q u e n c y i n t e r n a l modes can be d i s m i s s e d f r o m o u r s p e c t r a 
s i n c e t h e y wou ld i n v o l v e s h a r p a b s o r p t i o n s . The Debye p l a t e a u can be i g n o r e d 
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when t h e s p e c t r a a r e p l o t t e d on an absorbance s c a l e , s i n c e t h e n u m e r i c a l 
v a l u e s w o u l d be n e g l i g i b l e . Thus t h e r e a r e l i k e l y t o be t h r e e c o n t r i b u t i o n s 
t o o u r f a r - i n f r a r e d s p e c t r a , namely t h e i o n c l u s t e r s t r e t c h i n g modes, t h e 
P o l e y - H i l l a b s o r p t i o n and t h e c o l l i s i o n i n d u c e d a b s o r p t i o n . 
I t has been shown i n c h a p t e r 5 t h a t t h e o v e r a l l p r o f i l e t o t h e 
low f r e q u e n c y a b s o r p t i o n s f o r t e t r a - n - b u t y l a m m o n i u m s a l t s i n r e l a t i v e l y 
n o n - p o l a r s o l v e n t s i s composed o f a t l e a s t t h r e e b a n d s . There c o u l d , o f 
c o u r s e , be more t h a n t h r e e b a n d s , b u t t h r e e g i v e s a good f i t t o t h e o b s e r v e d 
s p e c t r a , and t h u s p r e s e n t s t h e s i m p l e s t sys tem f o r i n t e r p r e t a t i o n . T a b l e 
7 .2 shows t h e f i t t i n g pa rame te r s f o r a t y p i c a l s p e c t r u m ( 0 . 5 5 mol dm 
Bu^N + Cl i n b e n z e n e ) . The DIS f a c t o r q u o t e d i n t h e t a b l e i s a measure o f t h e 
' g o o d n e s s ' o f t h e f i t . I t i s o u t p u t t e d by t h e f i t t i n g programme, and i s 
c a l c u l a t e d by t a k i n g t h e d i f f e r e n c e i n t r a n s m i s s i o n v a l u e s be tween t h e f i t t e d 
and o r i g i n a l c u r v e s a t each f r e q u e n c y i n t e r v a l . T h i s i s known as t h e t r a n s -
m i t t a n c e r e s i d u a l . The r e s i d u a l s a re t h e n squa red and t h e mean v a l u e t a k e n o v e r 
t h e f r e q u e n c y range o f t h e i n p u t t e d d a t a . The DIS p a r a m e t e r i s t h e n c a l c u l a t e d 
as t h e squa re r o o t o f t h i s mean v a l u e . I t i s t h u s t h e r o o t mean squa re o f t h e 
t r a n s m i t t a n c e r e s i d u a l s . T a b l e 7 .2 showed t h a t t h e b e s t f i t was o b t a i n e d 
w i t h 3 pu re Gauss componen ts . No a t t e m p t s were made t o f i t t h e a b s o r p t i o n 
p r o f i l e t o more t h a n 3 componen ts . Fo r c o m p a r i s o n a DIS p a r a m e t e r o f 0 .0003 
was o b t a i n e d when a pu re Cauchy band was f i t t e d . The sum f u n c t i o n gave 99% 
Cauchy w i t h a DIS p a r a m e t e r o f 0 .0003 f o r t h e same b a n d , d u r i n g t e s t s t o 
o p t i m i s e t h e f i t s t o t h e o b s e r v e d s p e c t r a . A b e t t e r f i t was o b t a i n e d w i t h 
pu re Gauss components t h a n f o r pu re Cauchy , b u t t h i s s h o u l d be t r e a t e d w i t h 
c a u t i o n , s i n c e t h e b a s e l i n e p rob lem ( d i s c u s s e d i n c h a p t e r 6 ) may w e l l be 
c h a n g i n g t h e shape o f t h e a b s o r p t i o n p r o f i l e . 
7 . 4 . 2 The 120 c m " 1 band 
The c e n t r a l component t o t h e o v e r a l l p r o f i l e a t 120 cm 1 has 
been shown t o be b o t h c a t i o n and a n i o n d e p e n d e n t , and hence i t has been 
assumed t h a t t h e band a r i s e s f r o m i o n c l u s t e r v i b r a t i o n s i n v o l v i n g b o t h t h e 
T a b l e 7 .2 PIS p a r a m e t e r s f o r v a r i o u s f i t s 
( 0 . 5 5 mol d m - 3 BU/ ,N + Cl " i n benzene) 
t y p e o f f i t D I S b 
s i n g l e pure Gauss component 0 . 1 7 4 
s i n g l e pure Cauchy component 0 .320 
s i n g l e component w i t h sum f u n c t i o n 0 . 1 9 6 a 
two pu re Gauss components 0 .019 
two pu re Cauchy components 0 .033 
t h r e e pure Gauss components 0 . 0 1 3 
t h r e e pure Cauchy components 0 .047 
3 90% Gauss f i t p roduced 
k DIS = r o o t mean o f t h e sum o f t h e squa res o f t h e r e s i d u a l s f o r 
f i t t e d and e x p e r i m e n t a l abso rbance d a t a 
a n i o n and t h e c a t i o n . The v i b r a t i o n o f t h e i o n c l u s t e r wou ld be e x p e c t e d 
t o be t h e sum o f t h e i o n p a i r t y p e v i b r a t i o n s . 
I t has been shown f r om t h e e x t e n s i v e f i t t i n g da ta t h a t t h e band 
shape i s e s s e n t i a l l y unchanged w i t h changes o f t e m p e r a t u r e . The band c e n t r e 
and h a l f - b a n d w i d t h rema in c o n s t a n t w i t h i n t h e e x p e r i m e n t a l e r r o r o v e r a 
t e m p e r a t u r e range o f 70K. There i s v e r y l i t t l e change i n e i t h e r band c e n t r e 
_3 
o r h a l f - b a n d w i d t h o v e r t h e c o n c e n t r a t i o n range 1.4 t o 0 . 0 5 mol dm . L i k e -
w i s e t h e r e i s l i t t l e change i n t h e band p a r a m e t e r s when t h e s o l v e n t i s 
changed f r o m benzene t o c a r b o n t e t r a c h l o r i d e and c h l o r o f o r m . The i n t e n s i t y 
o f t h e band was seen t o be c o n c e n t r a t i o n d e p e n d e n t . The i n t e n s i t y reaches 
- 3 
a maximum a t a b o u t 0 . 5 mol dm . T h i s has been a c c o u n t e d f o r by t h e b u i l d i n g 
up o f t h e number o f i o n p a i r s i n t h e i o n c l u s t e r s as t h e c o n c e n t r a t i o n i n c r e a s -
_3 
es up t o 0 . 5 mol dm , and t h e n t h e s low b r e a k i n g down o f t h e c l u s t e r s a t 
even h i g h e r c o n c e n t r a t i o n . T h i s has been d i s c u s s e d i n c h a p t e r 4 , and i s 
e n t i r e l y i n l i n e w i t h t h e c o n c l u s i o n s p r e v i o u s l y drawn f r o m p e r m i t t i v i t y 
( 1 0 1 ) , c o n d u c t i v i t y ( 1 0 2 ) , and f r e e z i n g p o i n t measurements ( 1 0 3 , 1 0 4 ) . 
S u p p o r t i n g e v i d e n c e f o r t h e a s s i g n m e n t o f t h e 120 cm 1 band as 
an i n t e r n a l mode ( o r modes) o f t h e i o n a g g r e g a t e i s f o r t h c o m i n g t h r o u g h 
s i m p l e f o r c e c o n s t a n t c a l c u l a t i o n s . I f t h e a s s u m p t i o n i s made t h a t t h e i o n 
p a i r v i b r a t e s a l o n g a l i n e j o i n i n g t h e i o n c e n t r e s , t h e n t h e d i a t o m i c 
a p p r o x i m a t i o n may be used f o r t h i s normal mode. T h i s ha rmon ic a p p r o x i m a t i o n 
g i v e s ( r e f . 1 8 7 , p . 1 6 0 ) ; 
^obs = ^ ( W ^ 4 7 ' 9 
where K , i s t h e f o r c e c o n s t a n t o f t h e i o n i c bond 
obs 
and y ' i s t h e reduced mass o f t h e i o n p a i r 
Fo r t h e s i m p l e i o n p a i r t he reduced mass i s g i v e n by ( r e f . 187 , p . 3 7 ) ; 
y ' = m A m c / m A + m c 7 .10 
where m^ and m^ a re t h e masses o f a n i o n and c a t i o n . 
Eqn. 7 .9 shows t h a t t h e o b s e r v e d band c e n t r e i s p r o p o r t i o n a l t o y " ^ , 
p r o v i d i n g t h a t t h e f o r c e c o n s t a n t i s i n f a c t i n v a r i a n t f o r t he sys tems b e i n g 
s t u d i e d . I f t h e r e s t o r i n g f o r c e between t h e i o n s i s p u r e l y c o u l o m b i c , t h e n 
t h e f o r c e c o n s t a n t w i l l be t h e same f o r a l l t h e s a l t s s t u d i e d . T a b l e 7 . 3 
shows t h e o b s e r v e d band c e n t r e s f o r t h e seven t e t r a - n - a l k y l a m m o n i u m s a l t s 
s t u d i e d , t o g e t h e r m i t h t h e reduced masses f o r t h e s a l t s . The s o l v e n t change 
f o r t h e i o d i d e , n i t r a t e and p e r c h l o r a t e was u n a v o i d a b l e , s i n c e t h e s e s a l t s 
were n o t s u f f i c i e n t l y s o l u b l e i n benzene t o a l l o w o b s e r v a t i o n o f t h e low 
f r e q u e n c y a b s o r p t i o n s . F i g . 7 .7 shows t h a t t h e o b s e r v e d band c e n t r e v ^ 
i s i ndeed p r o p o r t i o n a l t o u'"^, w i t h i n t h e e x p e r i m e n t a l u n c e r t a i n t y . To 
o b t a i n some measure o f t h e c l o s e n e s s o f t h e model a p p r o x i m a t i o n , t h e c a l c u l a t e d 
f r e q u e n c i e s f o r t h e v a r i o u s s a l t s were d e t e r m i n e d on t h e a s s u m p t i o n t h a t 
e q n . 7 .9 was v a l i d . The f o r c e c o n s t a n t used f o r t h e c a l c u l a t i o n was t h a t 
d e t e r m i n e d f o r Bu^N + Cl i n benzene ( K Q b s = 26.7±0 . 4 Nm 1 ) , w h i c h was d e t e r -
mined f r o m t h e o b s e r v e d band c e n t r e o f 115±3 cm 1 by use o f e q n . 7 . 9 . The 
d i f f e r e n c e s between obse rved and c a l c u l a t e d f r e q u e n c i e s f o r t h e band c e n t r e 
(v , -v , ) were seen t o be s m a l l , e s p e c i a l l y f o r t h e B u „ N + B r ~ , P e / 1 N + C l " and obs c a l c 4 ' 4 
H p 4 N + C l " V The B u 4 N + I ~ , B u 4 N + N 0 3 " and B u 4 N + C 1 0 4 ~ s a l t s had l a r g e r d i f f e r e n c e s 
i n d i c a t i n g t h a t t h e model does n o t f i t so w e l l f o r t h e s e s a l t s . Fo r t h e 
+ -
Bu^N I s a l t t h e c a l c u l a t e d band c e n t r e was seen t o be g r e a t e r t h a n t h e 
obse rved band c e n t r e , i n d i c a t i n g t h a t t h e b o n d i n g i n t h i s s a l t i s s t r o n g e r 
t h a n wou ld be e x p e c t e d f r o m t h e p u r e l y e l e c t r o s t a t i c m o d e l . Fo r t h e B u ^ N O ^ 
and B u 4 N + C 1 0 4 s a l t s t h e c a l c u l a t e d band c e n t r e s were seen t o be l e s s t h a n 
t h e obse rved band c e n r e s , i n d i c a t i n g t h a t t h e b o n d i n g i s weaker f o r t h e s e 
s a l t s t h a n t h a t e x p e c t e d f r o m t h e c o u l o m b i c p o i n t cha rge m o d e l . T h i s s u g g e s t e d 
t h a t t h e i o n i c c h a r g e may w e l l be d e l o c a l i s e d o v e r t h e p o l y a t o m i c i o n , r a t h e r 
t h a n b e i n g r e s t r i c t e d t o t h e c e n t r a l a t om. 
The model i s now f u r t h e r t e s t e d by compar ing t h e o b s e r v e d f o r c e 
c o n s t a n t s w i t h t h a t c a l c u l a t e d f r o m t h e p u r e l y e l e c t r o s t a t i c m o d e l . The 
f o r c e between two p o i n t cha rges i s g i v e n by ( r e f . 188 , p. 10) ; , 
F = Q - ] Q 2 / 4 7 r e r 2 7 .11 
where Q-j and Qr, a r e t h e two cha rges 
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F i g . <7.7 Observed band c e n t r e s as a f u n c t i o n o f r e c i p r o c a l r o o t r educed mass 
T a b l e 7 .3 Observed and c a l c u l a t e d band c e n t r e s f o r t h e i o n p a i r model 
s a l t o b s . v 
0 
/cm~^ 
U' 
/ a . m . u . 
_i 
y ' 2 
_ i 
/ a . m . u . 2 
c a l c . v c 
0 
/ cm ^ 
B u 4 N + C l " 1 1 5 ± 3 a 30 .93 0 .176 
B u 4 N + B r " 8 0 ± 3 a 6 0 . 1 1 0 .129 8 2 . 5 ± 2 . 2 
B u 4 N + l " 6 1 ± 3 b 83 .31 0 .110 7 0 . 1 ± 1 . 8 
B u 4 N + N 0 3 " 1 0 0 ± 3 b 4 9 . 3 8 0 .142 9 1 . 0 ± 2 . 4 
B u 4 M + C 1 0 4 " 8 5 ± 3 b 7 0 . 5 0 0 .119 7 6 . 2 ± 2 . 0 
P e 4 N + C l " 1 1 5 ± 3 a 3 1 . 6 9 0 . 1 7 8 1 1 3 . 6 ± 3 . 0 
H p 4 N + C l " 1 1 2 ± 3 a 3 2 . 6 4 0 .175 111 . 9 ± 2 . 9 
benzene s o l u t i o n 
c h l o r o f o r m s o l u t i o n 
c a l c u l a t e d assuming v Q B u 4 N + C l = 115±3 cm \ g i v i n g K 
2 6 . 7 ± 0 . 4 H m " 1 . 
3P|1 
e i s t h e p e r m i t t i v i t y o f t h e medium 
r i s t h e s e p a r a t i o n between t h e cha rges 
Thus f o r two u n i v a l e n t i o n i c c h a r g e s ; 
F = e W Q e r r A C 2 7 .12 
-19 
where e i s t h e e l e c t r o n i c cha rge ( 1 . 6 x 10 C) 
- 1 2 -1 - 2 
Eq i s t h e p e r m i t t i v i t y o f f r e e space ( 8 . 8 5 4 x 10 C V m ) 
i s t h e r e l a t i v e p e r m i t t i v i t y o f t h e medium 
The f o r c e c o n s t a n t i s t h e r e s t o r i n g f o r c e p e r u n i t d i s p l a c e m e n t , and can t h u s 
be c a l c u l a t e d as t h e d e r i v a t i v e o f t h e f o r c e w i t h r e s p e c t t o d i s t a n c e ; 
K c a l c = d F / d r = - 2 e 2 / 4 T C o £ r r A C 3 7 - 1 3 
The n e g a t i v e s i g n i n d i c a t e s t h a t t h e r e s t o r i n g f o r c e a c t s i n o p p o s i t i o n t o 
t h e movement o f t h e bond f r o m t h e e q u i l i b r i u m p o s i t i o n . Thus t h e o b s e r v e d 
f o r c e c o n s t a n t can be compared w i t h a c a l c u l a t e d f o r c e c o n s t a n t i f a v a l u e 
f o r t h e i n t e r i o n s e p a r a t i o n i s known. The sum o f t h e i o n i c r a d i i f o r t h e 
c h l o r i d e a n i o n and t h e t e t r a - n - b u t y l a m m o n i u m c a t i o n were f o u n d t o be 0 . 4 9 nm 
( 1 8 9 , r e f 190 , c h a p . 2 ) . Thus t a k i n g e = 2 . 2 8 f o r benzene,K , was v ' » r i a r » c a - ] c 
d e t e r m i n e d as 1.7 N m \ w h i c h i s an o r d e r o f magn i t ude s m a l l e r t h a n t h e 
o b s e r v e d f o r c e c o n s t a n t K , o f 26 .7 N m " 1 f o r 0 . 5 mol d m " 3 B u , N + C l ~ i n 
obs 4 
benzene . T h i s s u g g e s t e d t h a t t h e i o n s i n s o l u t i o n must be c l o s e r t h a n w o u l d 
be e x p e c t e d f r o m t h e i r i n d i v i d u a l i o n i c r a d i i . The i o n i c s e p a r a t i o n n e c e s s a r y 
t o p roduce t h e o b s e r v e d f o r c e c o n s t a n t was a l s o c a l c u l a t e d u s i n g e q n . 7 . 1 3 . 
The r e q u i r e d i n t e r - i o n s e p a r a t i o n was c a l c u l a t e d as 0 .17 nm, wh i ch i s c l e a r l y 
f a r s m a l l e r t h a n wou ld be e x p e c t e d , b u t i s o f t h e c o r r e c t o r d e r o f m a g n i t u d e . 
The v a l u e s o f t h e c a l c u l a t e d i n t e r - i o n s e p a r a t i o n s ( c a l c u l a t e d 
f r o m e q n . 7 .13 u s i n g t h e obse rved f o r c e c o n s t a n t K ^ ) , f o r v a r i o u s c o n c e n t r a -
t i o n s o f t h e s a l t s , a r e shown i n t a b l e s 7 .4 and 7 . 5 . T a b l e 7 .4 shows t h e 
e f f e c t o f c o n c e n t r a t i o n on t h e f o r c e c o n s t a n t and i n t e r - i o n s e p a r a t i o n f o r 
Bu^N + Cl i n b e n z e n e , c h l o r o f o r m and c a r b o n t e t r a c h l o r i d e . T a b l e 7 .5 compares 
t h e v a l u e s o f f o r c e c o n s t a n t s and i n t e r - i o n s e p a r a t i o n f o r t h e v a r i o u s s a l t s 
s t u d i e d i n b e n z e n e , c h l o r o f o r m , c a r b o n t e t r a c h l o r i d e and t e t r a h y d r o f u r a n . 
T a b l e 7 .4 C a l c u l a t e d f o r c e c o n s t a n t s and i n t e r - i o n i c s p a r a t i o n f o r t h e 
i o n p a i r model 
concn . 
/mo l dm 
-3 
v 
/ cm 
-1 
Bu^N'C l i n benzene 
0 .21 
0 . 5 0 
0 . 8 0 
1.40 
112±1 
121 ±1 
119+1 
117±1 
Bu^N CI i n c h l o r o f o r m 
0 . 1 0 
0 . 5 0 
0 . 8 0 
116±1 
114±1 
113+1 
obs 
/ N m" 1 
2 2 . 9 ± 0 . 4 
2 6 . 7 ± 0 . 4 
2 5 . 8 ± 0 . 4 
2 5 . 0 ± 0 . 4 
2 4 . 6 ± 0 . 4 
2 3 . 7 ± 0 . 4 
2 3 . 3 ± 0 . 4 
Bu^N CI i n ca rbon t e t r a c h l o r i d e 
0 . 1 0 
0 . 5 0 
0 . 8 0 
120±1 
115+1 
114+1 
2 6 . 3 ± 0 . 4 
2 4 . H 0 . 4 
2 3 . 7 ± 0 . 4 
AC obs 
/nm 
0 . 2 0 6 ± 0 . 0 0 1 
0 . 1 9 6 ± 0 . 0 0 1 
0 . 1 9 8 ± 0 . 0 0 1 
0 . 2 0 0 ± 0 . 0 0 1 
0 . 1 5 6 ± 0 . 0 0 1 
0 . 1 5 8 ± 0 . 0 0 1 
0 . 1 5 9 ± 0 . 0 0 1 
0 . 1 9 9 ± 0 . 0 0 1 
0 . 2 0 4 ± 0 . 0 0 1 
0 . 2 0 5 ± 0 . 0 0 1 
T a b l e 7 .5 C a l c u l a t e d f o r c e c o n s t a n t s and i n t e r - i o n i c s e p a r a t i o n 
f o r t h e i o n p a i r model 
s o l v e n t V 
0 
e 
r 
K 
r AC 
/cm ^ /N m " 1 /nm 
B u 4 N + C l " 
b 6 
1 2 1 ± l a 2 . 2 8 2 6 . 7 ± 0 . 4 C 0 . 1 9 6 ± 0 . 0 0 1 c 
c c i 4 1 1 5 ± l a 2 . 2 4 2 4 . 1 ± 0 . 4 C 0 . 2 0 4 ± 0 . 0 0 1 C 
CHC1 3 1 1 4 ± l a 4 .95 2 3 . 7 ± 0 . 4 C 0 . 1 5 8 ± 0 . 0 0 1 C 
THF 1 1 0 ± 5 b 7.39 2 2 . 1 ± 2 . 0 0 . 1 4 1 ± 0 . 0 0 2 
B u 4 N + B r " 
C 6 H 6 
7 9 ± 1 a 2 . 2 8 2 2 . U 0 . 6 0 . 2 0 9 ± 0 . 0 0 2 
CHC1 3 7 9 ± 3 b 4 . 9 5 2 2 . 1 ± 1 . 7 0 . 1 6 1 ± 0 . 0 0 4 
BU4NV 
CHC1 3 6 1 ± 3
b 4 .95 1 8 . 3 ± 1 . 8 0 . 1 7 2 ± 0 . 0 1 7 
B u 4 N + N 0 3 " 
CHC1 3 1 0 0 ± 3 b 4 .95 2 9 . 1 + 1 . 7 0 . 1 4 7 ± 0 . 0 0 3 
B u 4 N + C 1 0 4 " 
8 5 ± 3 b CHC1 3 4 . 9 5 3 0 . 1 ± 2 . 1 0 . 1 4 6 ± 0 . 0 0 4 
P e 4 N + C l " 
C 6 H 6 
1 1 5 ± 3 b 2 . 2 8 2 4 . 7 ± 1 . 3 0 . 2 0 1 ± 0 . 0 0 4 
H p 4 ! ^ + C l " 
C 6 H 6 
1 1 2 ± 3 b 2 . 2 8 2 4 . 2 ± 1 . 3 0 . 2 0 3 ± 0 . 0 0 3 
f r o m compu te r b e s t f i t s 
e y e - f i t t e d c e n t r e s 
- 3 
0 . 5 mol dm s a l t 
3>> 
The calculated values fo r were a l l seen to be smaller than those estimated 
fo r the charge separation from the measured dipole moments (160,189,ref. 191, 
chap. 2 ) , where the separation was measured as 0.4 to 0.5 nm fo r a series of 
tetra-n-butylammonium s a l t s . I t should be noted here that the l a t t e r studies 
r 
were car/led out in d i l u t e solut ion where the predominant species is l i k e l y 
to be the ion pa i r , rather than the more complex aggregate of our studies. 
The small separations calculated from our studies agree, however, wi th those 
determined from d i e l ec t r i c studies (156,157,192-195) on s imi la r complexes. 
I t has been suggested (195) that formation of the large aggregates leads to 
a reduction in the ' e f f e c t i v e ' charge separation. 
As the degree of aggregation changed with concentrat ion, then th is 
would be expected to be re f lec ted in the observed force constants and i n te r -
ion separations. Table 7.4 shows that smal l , but s i g n i f i c a n t , changes occur 
in both and r ^ as the concentration changes. The observed force constant 
reaches a maximum at about 0.5 mol dm and then decreases again at higher 
concentrat ion. This t i es in with our own in tens i ty measurements and also 
wi th the pe rm i t t i v i t y (101), conduct iv i ty (102) and freezing point depression 
work (103,104). 
Table 7.4 showed that the force constants fo r tetra-n-butylamm-
onium sal ts in chloroform were seen to decrease in the order ch lo r ide , 
bromide, iodide. This was presumably due to the increase in the anion-cation 
separat ion, due to the increase in size of the anion. 
The i n te r - i on separation was seen to be smaller in chloroform 
than in e i ther benzene or carbon te t rach lo r ide . This seems rather strange, 
and can only be explained by assuming that the weakly polar solvent somehow 
s tab i l i ses the aggregates. This l a t t e r conclusion,of course,assumes that no 
drast ic changes in the system have been caused by the change to the more 
polar solvent. The spectra suggest that th is is not the case. 
I t thus seems l i k e l y that the ion pair model is a good one fo r 
th is system, despite the evidence (101-104) that the average size of the 
ion aggregate is of the order 20-30 ion pairs fo r solut ions of the concen-
t r a t i on used in th i s study. 
Having been successful with force constant calculat ions using 
the ion pair model, we decided to make some in tens i t y calculat ions using 
the same model. I t has already been shown in chapter 5 that the 120 cm~^ 
band in tens i ty depends upon the concentration of the dissolved sa l t s . The 
simplest approximation fo r the in tens i ty ca lcu la t ion involves the use of 
non-polarisable point charges. The in tens i ty can be calculated from ( re f . 
169, chap. 10); 
B = IW3c 2 (6y /6Q) 2 7.14 
23 -1 
where N is the Avagadro constant (6.023 x 10 mol ) 
8 -1 
c is the ve loc i ty of l i g h t (3 x 10 m s ) 
6p/6Q is the v ibra t iona l coordinate 
For the simple ion pa i r ; 
? = r A C e 7.15 
where r ^ is the i n te r - i on separation 
-19 
e is the e lect ronic charge (1.6 x 10 C) 
Now Sy/Sr = e 7.16 
Introducing the normal coordinate; 
6y/6Q = e/m^ 7.17 
where m is the reduced mass of the ion pair 
Thus from eqn. 7.14 
B = Nire2/3c2m 7.18 
3 -1 -2 
This gives a value of B = 3 140 dm mol cm fo r the i n t ens i t y , which 
3 
shows reasonable agreement with the experimental i n tens i t y of 5 760 dm 
-1 -2 
mol cm , obtained as the average over the concentration range studied. 
I t has been pointed out that the dipole moment fo r polar isable 
ions w i l l be s i g n i f i c a n t l y lower than that calculated using eqn. 7.15 ( r e f . 
196, chap. 5 ) . The ef fects of mutual po lar isat ion of the ions must be taken 
in to account. Williams (160) used the fo l lowing expressions for the dipole 
3 ^ 
moment of a pair of polar isable ions; 
V f = e r A C ( 1 - a e f f / 4 7 r V r r A C 3 ) 7 J 9 
where a ^ is the e f fec t i ve ion p o l a r i s a b i l i t y . 
•> ? - 1 
Thus Sy/SQ = (e + 2ect „ / 4 T C e r . „ )m 5 7.20 v e t t o r AL ' 
The tetra-n-butylammonium cation p o l a r i s a b i l i t y (196) was used as a g ^ , 
since th is is much higher than the p o l a r i s a b i l i t y of the halide ion . 
The calculated e f fec t i ve dipole moment and resu l t ing in tens i ty fo r various 
i n te r - i on separations are shown in table 7.6. The value for r ^ necessary 
3 - i - ° 
to give agreement with the observed in tens i t y (5 760 dm mol ' cm *") was 
seen to be about 0.32 nm. This is once again lower than that fo r the sum 
of the ionic r a d i i , which is 0.49 nm (189), but is greater than the 0.17 nm 
necessary to produce the observed force constant from eqn. 7.9. 
I t can thus be seen that the calculated in tens i ty data fo r a 
polar isable ion pair or c luster are semi-quant i tat ively correct . 
7.4.3 The 80 cm"1 band 
The band centred at 80 cm 1 showed very l i t t l e var ia t ion in band 
posi t ion or half-band width on changing e i ther the sa l t or the solvent. I t 
has been noted previously ( re f . 190, chap. 2,197) that bands occurring in 
th is low frequency region for solut ions containing polar complexes were of ten 
of hybrid character. The two mechanisms l i k e l y to produce absorption in th is 
region are the Poley-Hi l l (2,4,79-81) and c o l l i s i o n induced absorptions (179-
181), which were discussed b r i e f l y in section 7 . 4 . 1 . The Poley-Hi l l absorption 
is assumed to be due to the l i b r a t i o n of the ion pair dipole w i th in a cage 
of solvent molecules. The c o l l i s i o n induced absorption is considered to be 
due to induced dipoles in solvent molecules due to co l l i s ions with the ' t rapp-
ed 1 ion pair d ipo le. 
I t has been shown ( re f . 198, p. 71,6) that the Poley-Hi l l mechanism 
w i l l lead to a rapid decrease in band frequency wi th increasing temperature, 
whereas any absorption ar is ing from modulation of e l e c t r i c f i e lds by co l l i s ions 
would lead to an increase in band frequency wi th increasing temperature. I t 
Table 7.6 Calculated in tens i t i es fo r the 120 cm band 
for the polar isable ion pair model 
10 3 0 J 
M e f f ^calc. 
eqn. 7.19 
/nm /Cm /Cm 3 -
1
 - 9 
/dm" mol 1 cm 
0.20 32 4.13 33 100 
0.25 40 8.40 12 760 
0.30 48 10.70 6 760 
0.35 56 12.13 4 430 
0.40 64 13.04 3 340 
0.45 80 14.11 2 410 
was shown in chapters 4 and 5 that our low frequency studies indicated that 
the band showed no obvious change in frequency with temperature. I t seems 
possible that both mechanisms contr ibute to the absorption at 80 c m " \ and 
that they both contr ibute approximately 50% of the band i n tens i t y . 
The in tens i ty of the Poley-Hi l l absorption w i l l be proportional 
to the number of dipoles in un i t volume of the so lu t ion , N 1 , whereas the 
c o l l i sional absorption w i l l have N' dependence i f a binary c o l l i s i o n is 
assumed. Thus; 
B t o t a l = 1 a ^ 6 ' v 
= N'AD , + N , 2 (A ' + A" + )r IT • 7-21 
Poley v 'Co l l i s i on 
where A1 and A" e tc . are the terms for the various possible 
c o l l i s i o n s . 
A1 is the term fo r the binary co l l i s ions between ions and 
solvent molecules 
A" is the term fo r the binary co l l i s ions between ion dipoles 
and solvent molecules 
The Poley-Hi l l in tens i ty can be calcu lated, since the Gordon in tens i t y Sum 
ru le (199) has been used (198,200-203) to calculate the in tens i ty ar is ing 
from the ro ta t ion of the r i g i d d ipo le . The in tens i ty per molecule can be 
calculated from; 
/~a p ( v ) .dv = {{nJ+2)Z/9nJwAC2/3cZ^/lx + 1 / I y ) 7.22 
where ctp(v) is the absorption coe f f i c ien t as a funct ion of 
wavenumber 
I x and 1^ are the moments of i ne r t i a perpendicular to the d i rec t ion 
of the dipole moment 
n is the in f rared re f rac t i ve index. 00 
2 2 
The in ternal f i e l d correct ion (n r a +2) /Vn^ is d i f f i c u l t to apply, because 
the re f rac t i ve index is not known. This correct ion was ignored, and the 
in tens i t y per mole was calculated by use o f ; 
BPoley = ^ A C 2 / 3 ^ 1 / ^ + V I y ) 7.23 
Table 7.7 shows the calculated contr ibut ion of the Poley-Hi11 absorpt ion, 
using eqn. 7.23, fo r cation-anion separations of 0 .2 , 0.3 and 0.4 nm, and 
-30 
for e f fec t i ve ion pair dipoles of 10, 20 and 30 x 10 Cm. The values being 
chosen so as to span the possible values f o r the system. The observed in tens i t y 
3 -1 -2 
fo r th is band was seen to be about 6 390 dm mol cm , and thus the Poley-
Hi 11 absorption can account f o r a maximum of approximately 50% of the to ta l 
i n tens i t y of the 80 cnf^ band. This in tens i ty assumes an e f fec t i ve dipole 
moment of 33 x 10 ^ Cm, and an average cation-anion separation r ^ of 0.3 nm. 
This is a very large e f fec t i ve dipole moment, compared wi th the dipole 
-30 
moment of 10 x 10 Cm, necessary to give the correct in tens i t y fo r the 120 
cm ^ absorpt ion, with the polar isable ion pair model, and suggested that the 
Poley-Hi11 absorption may be providing less than 50% of the to ta l in tens i ty 
of the 80 cm ^ band. 
The contr ibut ion to the 80 cm 1 band by c o l l i s i o n induced processes 
can be estimated by use of a simple dipole-induced dipole expression ( re la t ing 
to the term A" in eqn. 7.21). I f the dipole-solvent distance R is assumed to 
be large compared with the in te r ion separation r ^ , then the potent ia l at 
the solvent molecule can be represented as (204,ref . 205, p.303); 
V = u A C c o s e / 4 T T £ o e r R 2 7.24 
where 0 is the angle the solvent molecule makes with the axis 
of the dipole 
The e l ec t r i c f i e l d dipole can be found as the f i r s t der ivat ive of the e l e c t r i -
cal potent ia l with respect to distance; 
E = 2y A C cose /4Tre o e r R 3 7.25 
For maximum in terac t ion (cose = 1 , 6 = 0 ) the dipole induced in the solvent 
is given by; 
^ind = a s E = 2 Vs / 4 T % £ r R 3 7 ' 2 6 
where a g is the p o l a r i s a b i l i t y of the solvent 
The in tens i t y can then be calculated by use of eqn. 7.14 since; 
Table 7.7 Calculated Poley-Hi l l i n tens i t y contr ibut ion fo r the 80 cm band 
1 0 4 7 I 
1 0 yAC Poley 
/nm /kg m2 /Cm /dm mol cm 
0.3 462.6 33.0 3 036 
0.3 462.6 20.0 1 093 
0.3 462.6 10.0 273 
0.4 822.4 33.0 1 704 
0.4 822.4 20.0 615 
0.4 822.4 10.0 154 
0.5 1285.1 33.0 1 093 
0.5 1285.1 20.0 393 
0.5 1285.1 10.0 98 
6y/6Q = -6M A ca s/47re oe rR 4m^ 7.27 
B c o l l i s i o n a l = 7.28 
Eqn. 7.28 has been used to calculate the co l l i s i ona l in tens i ty contr ibut ion 
by using the value for y ^ from eqn. 7.19. Table 7.8 shows the calculated 
in tens i t y values for a range of e f fec t i ve dipole moments and dipole-solvent 
-40 2 -1 
distances. The p o l a r i s a b i l i t y of benzene was taken as 11.48 x 10 C m V . 
The pe rm i t t i v i t y used was that of pure benzene (e = 2.28) to para l le l the 
previous model ca lcu lat ions. The reduced mass m was taken as that of an ion 
3 -1 -2 
pa i r /so lvent molecule. The required in tens i ty of about 3 000 dm mol cm 
is obtained for a value of the ionic dipole-solvent distance of about 0.25 
nm for an e f fec t i ve dipole moment y^ c of 33 x 1 0 - 3 0 Cm. The l a t t e r value 
being chosen to t i e in with the Poley-Hi l l ca lcu la t ion . Once again the value 
fo r the dipole-solvent distance R appears to be very smal l , especial ly when 
one considers that the free ion pair dipole moment has been used, rather than 
the necessarily lower value fo r a c lus ter of d ipoles. 
A fur ther in tens i t y ca lcu lat ion fo r possible co l l i s i ona l i n t e r -
act ion ( re la t i ng to A1 i n eqn. 7.21) between an ion and a solvent molecule. 
The f i e l d due to a univalent ion at a distance D from the charge i s given 
by; 
2 2 
E = e/4TT E Q e r D /.29 
The induced dipole at th is point i s given by; 
y ' = a E 7.30 
s 
y ' = a e /4TT 2 e e D2 7.31 
Calculat ing the in tens i t y via eqn. 7.14 gives; 
Sy'/SQ = - 2 a s e / 4 T T 2 e o e r D V 7.32 
where m is the reduced mass fo r the ion-solvent molecule system. 
B = N T T / 3 c 2 ( 2 a s e / 4 A 0 e r D V ) 2 7.33 
The values of calculated in tens i t y f o r both chlor ide ion-solvent and t e t r a -
Table 7.8 Calculated in tens i t y contr ibut ion for the c o l l i s i o n induced 
absorption through dipole-induced dipole interact ions 
e f fec t i ve e f fec t i ve intensi ty 
dipole-solvent dipole moment B 
distance 
R VCA 
/nm /Cm 3 -1 -2 /dm mol cm 
0.20 33.0 19 000 
20.0 7 170 
10.0 1 800 
0.25 33.0 3 340 
20.0 1 210 
10.0 300 
0.30 33.0 780 
20.0 280 
10.0 70 
0.35 33.0 227 
20.0 81 
10.0 20 
0.40 33.0 78 
20.0 28 
10.0 7 
n-butylammonium ion-solvent co l l i s i ona l in terac t ion are shown in table 7.9. 
The values taken for the parameters were as fo r the other model ca lcu la t ions. 
Values fo r the ion-solvent distance have been chosen between 0.10 and 0.25 
nm, fo r comparison with the dipole-solvent in teract ion ca lcu la t ion . The 
3 -1 -2 
required in tens i t y of about 3 000 dm mol cm is obtained with an ion-
solvent distance of about 0.27 nm. I t thus appeared that both anion-solvent 
and cat ion-solvent interact ions would be contr ibut ing to the in tens i t y of 
the co l l i s i ona l port ion of the low frequency band. Presumably higher mult ipole 
would have to be considered in a f u l l i n tens i t y ca lcu la t ion , but these 
calculat ions would become very d i f f i c u l t , because of the complexity of the 
system and the lack of knowledge as to the concentration of the d i f f e ren t 
mul t ipoles. I f both cat ion- and anion-solvent co l l i s i ona l in teract ions are 
considered to produce equal i n t ens i t y , then the anion-solvent distance 
required is about 0.23 nm, and the cat ion-solvent distance is about 0.27 nm, 
3 -1 -2 
to give the required in tens i ty of 1 500 dm mol cm for each por t ion . 
These small inter-species distances agree well wi th the measure-
ment of average distance between solut ion par t ic les made by Lestrade (157, 
193,194), with the complex pe rm i t t i v i t y measurements on tetra-n-butylammon-
ium s a l t s . Lestrade has interpreted these resul ts to indicate that the ions 
are res t r i c ted to move w i th in the region of space in the i n t e r i o r of the 
aggregates. I t i s thus possible that the re l a t i ve l y small number of benzene 
molecules involved in in teract ions with the ionic dipole are compressed by 
the c luster formation. Further, some of the benzene molecules may well be 
trapped w i th in the cages formed by the open structure of the a lky l chains. 
This is consistent with the assert ion of some authors (73) , that concentrated 
benzene solut ions should be regarded as solut ions of benzene in the fused 
s a l t . 
7.4.4 The 180 cm"1 band 
In the studies of the tetra-n-alkylammonium sal ts th is band was 
only seen to be present fo r the ch lor ides. The frequency of the band was seen 
Table 7.9 Calculated in tens i ty contr ibut ion fo r c o l l i s i o n induced 
absorption through ion induced dipole interact ions 
ion-solvent 
distance 
D 
/nm 
in tens i ty B. , 
ion-solvent 
Bu4N /C 6 H 6 
3 -1 -2 /dm mol cm 
cr /c 6 H 6 
3 -1 -2 
/dni mol 1 cm c 
0.10 
0.15 
0.20 
0.25 
0.30 
134 400 
11 900 
2 100 
551 
184 
321 400 
28 200 
5 000 
1 300 
442 
14-0 5 
to be independent of solvent, but the in tens i t y of the band was seen to 
depend upon the solvent. The frequency of the band was not dependent upon 
the ca t ion , but the in tens i ty appeared to be cat ion dependent (see chapter 
5 ) . This suggested that solvat ion of the chlor ide ion may be occurring in 
the so lu t ion . Such a band due to anion-solvent v ib ra t ion has in fac t been 
observed for the spectra of rubidium, caesium, potassium and tetramethylamm-
onium f luor ides in acet ic acid (206). The band assigned to the anion-solvent 
-1 
in teract ion was seen to occur at about 280 cm fo r the f lour ide ion in the 
acetic acid solvent. The absorption bands were seen to be very broad even 
when compared to those due to the cat ion-solvent i n te rac t i on , and thus seem 
to be s imi la r to the bands observed f o r the chlor ide ion benzene system. The 
acetic acid solvent is strongly hydrogen-bonding, and hence a hydrogen-bonding 
in terac t ion would be expected for the f luo r ide anion, which being very small 
is very susceptible to hydrogen-bond formation. Such an in terac t ion seems 
less l i k e l y in benzene and carbon te t rach lor ide solvents, although i t would 
be more l i k e l y in chloroform and tetrahydrofuran. Studies in more polar 
+ - + solvents have shown that Li I in acetone and Li CI0^ in THF have the 
poss i b i l i t y of a high frequency component. I t thus seems l i k e l y that no 
simple explanation in terms of anion solvat ion can be given for th is high 
frequency component to the overal l band p r o f i l e . 
Another p o s s i b i l i t y was that the high frequency band was a 
combination band. The frequency of about 180 cm ^ is approximately the sum 
of the frequencies of the two other bands observed for th i s system. The ion 
v ibra t ion band occurs at 120 cm ^ and the l i b r a t i o n a l / c o l l i s i o n a l band occurs 
at 80 cm \ g iv ing a sum of 200 cm \ The occurrence of a high frequency 
component fo r the L i + I ~ in acetone and L i + C10 4 " jn THF systems suggested that 
the l a t t e r explanation of the high frequency component band was perhaps a 
viable one. For the L i + Cl0^ in THF the ion l i b ra t i ona l in terac t ion produces 
a band at approximately 425 cm \ and the Poley-Hi l l absorption fo r THF has 
been measured to have a band centre of about 55 cm \ The high frequency 
component at 477 cm 1 thus seems l i k e l y to be a combination band (55+425=480). 
The Na +I in acetone system is s l i g h t l y d i f f e r e n t , since here i t is the 
1215 cm 1 in ternal acetone mode that has a high frequency component, rather 
than the inter-species mode as fo r the other systems. The high frequency 
component occurred at 1235 cm \ which is a l i t t l e low since we have measured 
the Poley-Hi l l frequency to be about 40 cm" 1 . (1215+40=1255). 
I t thus seems possible that the high frequency component is a 
combination band, but a much more detai led study in a wider range of systems 
is required before any concrete conclusions can be drawn. Our s tochast ica l ly 
modulated o s c i l l a t o r model gives added evidence that the high frequency 
component is a combination band as a resu l t of the theory fo r th i s model 
(170). 
7.5 Indicat ions as to the structure of the near ion environment 
Sections 4.2.5 and 4.2.6 have shown that only the benzene out-
of-plane modes were affected by the addi t ion of the tetra-n-butylammonium 
sal ts to the benzene solvent. The v^g C-C-C out-of-plane rocking mode was 
seen to be severely pertubed, and th is implied that in teract ion with the 
benzene r ing occurred in such a way as to a f fec t only the out-of-plane modes. 
This would not appear to be the expected behaviour fo r a donor-acceptor 
in terac t ion of the tetra-n-butylammonium cat ion-solvent system (207,208). 
For the l a t t e r type complex perturbat ion of the t o t a l l y symmetric benzene 
modes would be expected. The perturbation of the out-of-plane modes might 
be the expected behaviour fo r a strong e lec t ros ta t i c in terac t ion by the ions 
with the piT-bonding o rb i ta l s of the benzene molecule, and one can envisage 
a model for the system with the tetra-n-butylammonium i o n ' s i t t i n g 1 on the 
r ing of electron charge of the benzene pir-system. 
The perturbat ion of the benzene in ternal modes implies a very 
strong in terac t ion between the ions and the solvent. This is en t i r e l y in 
accord with deductions from our in tens i ty measurements and also those from 
complex pe rm i t t i v i t y measurements and freezing point determinations, which have 
already been discussed. 
PART C 
DISPERSIVE FAR-INFRARED STUDIES 
CHAPTER 8 
SOLID PHASE REFRACTIVE INDEX MEASUREMENTS 
kef) 
8.1 Theory fo r re f rac t i ve index measurements 
Experimental work between 1963 and 1969, by Chamberlain and 
Gebbie (209-216) at the National Physics Laboratory, and independently by 
Bell and Russell (217-223) at Ohio State Univers i ty , showed how a Michelson 
interferometer could be applied to the determination of re f rac t i ve index 
spectra. The mathematical theory fo r the ref ract ive index work has been 
developed by two approaches. A method using impulse response functions ( re f . 
224, p. 261) was used by B e l l , who published the theory of Dispersive Fourier 
Transform Spectroscopy in these terms (219,223). Chamberlain (225) presented 
the theory by assuming the broad band radiat ion to be composed of monochromatic 
components of varying amplitudes. The properties of the broad band were then 
considered as the sum of the propert ies of the superimposed monochromatic 
elements. This approach is para l le l to that applied to Non-Dispersive Fourier 
Transform Spectroscopy in chapter 1 , and w i l l be used in th i s section to 
develop the necessary theory fo r Dispersive Fourier Transform Spectroscopy. 
In Non-Dispersive Fourier Spectrometry the sample is normally 
placed before the detector as shown at A in f i g . 8 . 1 . For broad band spectral 
rad iat ion the in tens i ty reaching the detector, (as a funct ion of the path-
d i f ference, x,between the two beams) shows a pronounced maximum at zero-path 
d i f fe rence, where a l l wavelengths are in phase. The transmitted power spectrum 
is related to the modulating part of the interferogram by a cosine Fourier 
in tegral as shown in chapter 1. 
In Dispersive Fourier Transform Spectroscopy an op t i ca l l y th in 
specimen of an isot rop ic dispersive medium is introduced in to only one beam 
of the interferometer, as shown in posi t ion B in f i g . 8 . 1 . The symmetry of 
the arrangement is now upset, and although there is s t i l l a prominent Grand 
Maximum, th i s is now displaced from the zero path-di f ference pos i t i on , by an 
amount dependent upon the opt ica l thickness of the specimen. The interferogram 
is now no longer symmetrical about the br ightest f r i nge . The d i s to r t i on of 
the symmetrical interferogram usually only occurs in the region of the b r igh t -
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test fr inge . The d i s tor t ion only occurs to the posi t ive side of zero path-
d i f ference . F i g . 8.2 shows a symmetrical background interferogram obtained 
with no d ispers ive specimen in the interferometer. An unsymmetrical i n t e r f e r -
ogram due to the dispersion of 0.0105 cm thickness of te f lon (placed at 
position B in f i g . 8.1) i s shown in f i g . 8.2b. The displacement of the bright-
est fringe from zero path-difference increases with the thickness of the 
dispers ive sample. 
Chamberlain (225) re lated the displacement of the brightest 
fr inge from the zero path-difference posit ion x (measured in path di f ference 
u n i t s ) , to the mean r e f r a c t i v e index of the dispers ive sample n, by the 
d e f i n i t i o n ; 
x = 2 (n - l )d 8.1 
where d i s the thickness of the dispers ive sample 
The path d i f ference A ( v ) introduced by the sample at frequency v cm ^ i s ; 
A ( v ) = 2{n(v)-l>d 8.2 
from eqn. 8 .1 , where n(v) i s the r e f r a c t i v e index of the sample at frequency 
v cm \ Imperfect adjustment of the interferometer, or omission of compen-
sating windows causes a path-difference error 6 Q ( v ) , which i s denoted by 
a small res idual phase di f ference $ Q ( v ) , where; 
< y v ) = 2 ™ 5 Q ( v ) • 8.3 
The e l e c t r i c vector in the recombined beam can be obtained in a s i m i l a r 
manner to that used in chapter 1, and can be writ ten as the Fourier i n t e g r a l ; 
*(v) = 2TTV.{A (V ) + 6 Q ( v ) } 8.4 
Combining equations 8.2 to 8.4 gives; 
n(v) = 1 + l/4Trvd{<J>(v) - <|> (v) + 2rmr} 8.5 
where (j>(v) i s the pr inc ip le value of the true phase di f ference 
4>(v) given by eqn. 8 .4 , where -n < <}>(v) < I T . 
Calculat ion of n(v) i s d i f f i c u l t unless m = 0 in eqn. 8 .5 , and th i s necess i ta -
tes the r e s t r i c t i o n that the path di f ference introduced by the specimen 
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s a t i s f i e s the re la t ionsh ip; 
| A ( v ) | < l / 2v 
or |2{n(v) - l } d | < l /2v 8.6 
for a l l wavenumbers v in the spectral band studied. Equation 8.5 has been 
developed by using the posit ion of zero path-difference as the centre for 
Fourier Transformation of the interferogram. I f the origin of the i n t e r f e r -
ogram i s now sh i f ted to the displaced Grand Maximum then eqn. 8.4 becomes; 
Y(v) = (j)(v) - 2TTXV 8.7 
and eqn. 8.5 becomes; 
n(v) = 1 + x/2d + l/47TVd{iHv)-<)>o(v)+2mTT} 8 - 8 
where I | J ( V ) i s the pr inc ipal value of the phase-difference ^ ( v ) , 
such that -7T < ip(v)< I T . Restr ic t ions to the possible path-di f ferences , such 
that m = 0, require s a t i s f a c t i o n of the re la t ionsh ips ; 
|A(v ) -x | < l /2v 
or | 2 { n ( v ) - n}d| < l /2v 8.9 
Eqn. 8.9 indicates that the optical thickness n(v)d must not depart from 
the mean opt ical thickness fid by more than l /4v at any wavenumber v. 
The interferogram i s expressed as; 
G(y) = £° p(a) .cos(y(v)-2Tryv).dv 8.10 
where p(v) i s the transmitted power spectrum 
The cosine and sine transforms with respect to the coordinate y having an 
or ig in at x = x are respect ive ly ; 
p ( ^ ) = £ ° G(y).cos2-^y.dy 
= p(v) .cosijj(v) 8.11 
and Q(v) = /^°° G(y).sin2-rrvy.dy 
= p(v).sinijj(v) 8.12 
The r e f r a c t i v e index i s given by; 
n(v) = 1 + x/2d - l /4Trvd{arctan(Q(v)/P(v)) + m^ 8.13 
assuming <pQ - 0 
Hence n ( v ) , the r e f r a c t i v e index at frequency v, can be recovered from 
knowledge of x, the displacement of the brightest fr inge from zero path-
d i f f erence , d the thickness of the dispersing sample and P(v) and Q(v ) , the 
cosine and sine Fourier transforms of the interferogram funct ion. 
8.2 Programming to obtain phase and r e f r a c t i v e index values 
The phase values, as a function of frequency, IJJ(V) were obtained 
by use of the programme DCH0690, which u t i l i s e s a procedure due to Forman 
et . a l . (31) , whereby the phase error introduced by the asymmetry in the 
interferogram was ca lcu la ted . A l i s t i n g of programme DCH0690, together with 
an input data l i s t i n g , i s contained in Appendix A1.2. The procedure was used 
to correct for asymmetry in the interferogram due to inadvertant misalignment 
of the interferometer, when used in the non-dispersive mode. Only a few 
correct ion points were taken around the zero path pos i t ion , and these were 
then used to develop a correct ion funct ion, which was used to make the 
interferogram t o t a l l y symmetric (see chapter 3 ) . We have used the programme 
DCH0690 to give phase values for asymmetric interferograms obtained with the 
interferometer in the d ispers ive mode. For a 1024 point interferogram the 
Forman correct ion function was determined for the whole 1024 points. This 
gives 1024 phase values for the asymmetry in the interferogram. Thus when a 
1024 point double-sided interferogram was computed, the 1024 phase values had 
a frequency increment equal to one ha l f of the resolution calculated assuming 
that no apodisation was employed. The phase data was thus usual ly represented 
with a frequency interva l which gave two points per reso lut ion , and thus 
para l l e led the transmission data. 
To determine the v a l i d i t y of the use of the Forman correct ion 
function under these circumstances, a number of dispers ive interferograms 
were recorded for thin samples of polytetrafluoroethylene ( t e f l o n ) . The 
r e f r a c t i v e index spectrum for tef lon had previously been obtained by Chamber-
l a i n and Gebbie (212), who used the f u l l cosine and sine Fourier Transform 
technique and eqn. 8.13. Thin samples of te f lon of between 0.0105 and 0.0229 
cm thickness were placed in a holder to s tretch the f i lms s l i g h t l y and 
remove any creases . The f i lm holder was then placed in posit ion in the f ixed 
mirror arm of the interferometer. The f i lm holder had a diameter of only 
3 cm, and so a diaphragm was constructed to cut down the diameter of the 
interferometer beams, so that a l l the f ixed mirror beam passed through the 
sample. The diaphragm was placed at the source port entrance to the beam-
s p l i t t e r module, and had an internal diameter of 1.9 cm. The l i g h t beams of 
the interferometer were seen to be divergent, which necessiated the smaller 
diameter of the diaphragm r e l a t i v e to the sample holder ( for e f f ec t s of beam 
divergence see section 8 . 3 ) . 
The anomolous dispersion of te f lon was observed by Chamberlain 
(212), and found to be centred at 202 cm \ A 25 gauge beam-splitter was 
thus used to give a maximum energy in th is region. 1024 point interferograms 
were recorded with a 4um sampling i n t e r v a l . The instrument was c a r e f u l l y 
o p t i c a l l y aligned pr ior to insert ion of the sample, for normality of the 
f ixed and moving mirrors , by adjusting the t i l t of the f ixed mirror v ia the 
c a l i p e r adjustments. The mirrors were aligned whi l s t in a position of zero 
path-di f ference , by observing the maximum constructive interference from the 
two interferometer beams. The symmetry of the interferogram about zero path-
di f ference was then observed over the normal mirror movement (0.2048 cm e i ther 
side of zero path-d i f ference) . The mirrors were considered normal when the 
di f ference between the f r i n g e s , f o r positions of the moving mirror equidistant 
from zero path-difference,was less than 1% of the depth of modulation for 
the brightest f r inge . This r e s u l t indicated that the f ixed and moving mirror 
were normal to each other throughout the path of the moving mirror. The 
P 
instrument was aligned at atmoshenc pressure, and hence the many signatures 
due to the sharp water vapour absorptions were used for detecting any 
asymmetry throughout the moving mirror t r a v e l . 
The instrument was then evacuated and a ser i e s of background 
interferograms recorded. The phase values for the backgrounds were almost 
constant, since no d ispers ive sample was present. Table 8.1 and f i g . 8.3 
Table 8.1 Phase values for symmetric background interferogram 
frequency phase frequency phase 
/cm 1 /radians /cm ^ /radians 
95.21 -0.13 146.48 -0.18 
97.66 -0.12 148.93 -0.19 
100.10 -0.11 151.37 -0.20 
102.54 -0.12 153.81 -0.16 
104.98 -0.12 156.25 -0.19 
107.42 -0.09 158.69 -0.20 
109.86 -0.14 161.13 -0.19 
112.30 -0.14 163.57 -0.20 
114.75 -0.12 166.02 -0.23 
117.19 -0.14 168.46 -0.21 
119.63 -0.13 170.90 -0.23 
122.07 -0.17 173.34 -0.21 
124.51 -0.15 175.78 -0.24 
126.95 -0.12 178.22 -0.22 
129.39 -0.19 180.66 -0.24 
131.84 -0.12 183.11 -0.21 
134.28 -0.19 185.55 -0.23 
136.72 -0.15 187.99 -0.23 
139.16 -0.16 190.43 -0.21 
141.60 -0.17 192.87 -0.26 
144.04 -0.20 195.31 -0.25 
(continued) 
Table 8.1 (continued) 
frequency phase frequency phase 
/cm" 1 /radians /cm" 1 /radians 
197.75 -0.25 249.02 ••0.33 
200.20 -0.27 251.46 -0.33 
202.64 -0.23 253.91 -0.33 
205.08 -0.27 256.35 -0.33 
207.52 -0.28 258.79 -0.34 
209.96 -0.28 261.23 -0.34 
212.40 -0.27 263.67 -0.33 
214.84 -0.25 266.11 -0.35 
217.29 -0.27 268.55 -0.33 
219.73 -0.29 271.00 -0.34 
222.17 -0.26 273.44 -0.36 
224.61 -0.28 275.88 -0.36 
227.05 -0.29 278.32 -0.34 
229.49 -0.30 280.76 -0.36 
231.93 -0.30 283.20 -0.36 
234.38 -0.29 285.G4 -0.35 
236.82 -0.32 288.09 -0.37 
239.26 -0.29 290.53 -0.37 
241.70 -0.32 292.97 -0.38 
244.14 -0.32 295.41 -0.37 
246.58 -0.33 
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show the phase values obtained in the frequency range 100 to 300 c m " \ using 
the symmetrical background interferogram recorded from -0.2048 to +0.2048 
cm of path-difference with a 4um sampling i n t e r v a l . The recorded i n t e r f e r -
ogram was shown in f i g . 8 .2a. The f u l l 1024 point interferogram points were 
used to develop the correct ion rout ine, with programme DCH0690, to give 1024 
output phase values . The s l i g h t decrease in the phase values with increasing 
frequency was considered to be ind icat ive of a small degree of misalignment 
s t i l l present in the interferometer. 
The te f lon sample interferograms were recorded without further 
alignment of the f ixed mirror . This constant opt ical set-up ensured that the 
background phase values could be subtracted from the sample phase values , 
to take into account the maladjustment of the interferometer, and any phase 
changes occurring due to the r e f r a c t i v e indeces of the background components 
such as the beam-spl i t ter . The phase values between 100 and 300 c m " \ for a 
1024 point interferogram, as shown in f i g . 8.2b, with a 4 urn sampling interval 
and 0.2048 cm maximum path-di f ference , for a 0.0105 cm te f lon sample were 
computed using programme DCH0690, and are shown in table 8.2 and f i g . 8 .4 . 
1024 correct ion points were used to give 1024 phase values at an in terva l of 
1.22 cm \ These phase values c l e a r l y indicated the presence of an anomolous 
dispersion centred at 203±5 cm ^ in the tef lon sample. The close agreement 
between our phase curves, and those published by Chamberlain (212) indicated 
that our method of phase ca lcu la t ion was a va l id one. 
A simple programme, known as DCH0623, was developed to compute 
the r e f r a c t i v e index as a function of frequency from the knowledge of the 
phase values for sample and background as a function of frequency. A l i s t i n g 
of programme DCH0623 i s contained in Appendix A1.3. The programme read in 
the phase values for the background and then the sample. The frequency interval 
of the phase data was calculated from the inputted number of points and the 
sampling i n t e r v a l . The phase values for background and sample were outputted 
in spectral form as a function of frequency. Averaging of up to 5 sample 
Table 8.2 Phase values for 0.0105 cm tef lon 
frequency phase frequency phase 
/cm" 1 /radians /cm 1 /radians 
95.21 -0.21 146.48 -0.07 
97.66 -0.20 148.93 -0.08 
100.10 -0.16 151.37 -0.14 
102.54 -0.13 153.81 -0.14 
104.98 -0.10 156.25 -0.11 
107.42 -0.13 158.69 -0.09 
109.86 -0.12 161.13 -0.08 
112.30 -0.13 163.57 -0.06 
114.75 -0.13 166.02 0.01 
117.19 -0.21 168.46 0.03 
119.63 -0.18 170.90 0.12 
122.07 -0.21 173.34 0.14 
124.51 -0.24 175.78 0.18 
126.95 -0.22 178.22 0.21 
129.39 -0.24 180.66 0.23 
131.81 -0.22 183.11 0.27 
134.28 -0.15 185.55 0.30 
136.72 -0.13 187.99 0.42 
139.16 -0.10 190.43 0.56 
141.60 -0.11 192.87 0.78 
144.04 -0.08 195.31 1.01 
(continued) 
Table 8.2 (continued) 
frequency phase frequency phase 
/cm" 1 / radians /cm 1 /radians 
197.75 1.43 249.02 -0.62 
200.20 1.85 251.46 -0.60 
202.64 -1.54 253.91 -0.59 
205.08 -2.16 256.31 -0.56 
207.52 -1.84 258.79 -0.55 
209.96 -1.68 261.23 -0.54 
212.40 -1.49 263.67 -0.49 
214.84 -1.34 266.11 -0.46 
217.29 -1.15 268.55 -0.41 
219.73 -1.10 271.00 -0.37 
222.17 -1.04 273.44 -0.38 
224.61 -1.00 275.88 -0.51 
227.05 -0.95 278.32 -0.63 
229.49 -0.91 280.76 -0.67 
231.93 -0.86 283.20 -0.67 
234.38 -0.78 285.64 -0.65 
236.82 -0.73 288.09 -0.62 
239.26 -0.72 290.53 -0.57 
241.70 -0.69 292.97 -0.61 
244.14 -0.69 295.41 -0.61 
246.58 -0.63 
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and 5 background phases was poss ible . The phase di f ference between sample 
and background was then calculated as a function of frequency, and the 
r e f r a c t i v e index then computed using eqn. 8 .8 . 
n(v) = 1 + x/2d + l/4uvd{iKv)-(j)o(v)+2mTr} 
where ^ ( v ) i s the pr inc ipa l value of the sample phase at 
frequency v, and <f>0(v) i s the pr inc ipal value of the background phase at 
frequency v . To complete the computation i t was necessary to know the 
displacement of the brightest fringe from zero path-difference x, and the 
thickness of the sample d accurate ly . 
The sample thickness was measured by careful use of a micrometer 
screw gauge. Twenty measurements of thickness were made on a l l the tef lon 
samples. The medium thickness sample had an average thickness of 0 . 0 1 3 4 ± 0 . 0 0 0 2 
cm, where the quoted error was the standard deviation obtained for the 20 
measurements using eqn. 4 .3 . The recorded thicknesses were 0.0134, 0.0137, 
0.0136, 0.0137, 0.0137, 0.0136, 0.0135, 0.0134, 0.0133, 0.0132, 0.0132, 
0.0133, 0.0132, 0.0132, 0.0132, 0.0131, 0.0135, 0.0134 0.0135 and 0.0132 cm. 
These measurements were taken around the circumference of the sample, and 
across i t s diameter to take into account the non-uniformity of the sample. 
The thickness of the specimen was measured whi l s t in the sample holder to 
take into account any stretching of the f i l m which may have occurred during 
the mounting. The measurements were made a f t e r the dispers ive spectra of the 
sample had been obtained, s ince the use of the micrometer caused marking of 
the f i lm surface , which may well have affected i t s d ispers ive propert ies . 
Systemmatic measurement of the f i lm thickness around the circumfe-
rence of one of the samples showed that i t was non-uniform, showing a var ia t ion 
of 0.0006 cm (5%) from one side of the sample to the other. The precis ion 
of the thickness measurement was found to be ±0.0001 cm (1%) when the 
thickness was measured 20 times at the same posit ion. The measurements were 
0.0135, 0.0135, 0.0135 0.0136, 0.0135, 0.0137, 0.0134, 0.0134, 0.0134, 0.0134, 
0.0134, 0.0135, 0.0135, 0.0134, 0.0134, 0.0134, 0.0134, 0.0134, 0.0135 and 
0.0135 cm. Hence the majority of the lack of precis ion involved in measuring 
the thickness was due to the non-uniformity of the sample, and not the 
precis ion of the measurement i t s e l f . 
The displacement of the brightest fr inge from zero path-di f ference , 
x of eqn. 8 .8 , was measured from chart interferograms, which were recorded 
for samples which had a small portion of the tef lon cutaway so that the 
non-dispersed Grand Maximum could be seen superimposed upon the dispersed 
interferograms of the tef lon sample. Such a chart interferogram i s shown in 
f i g . 8 .5 , from which x was measured as 117±3 um. The path-difference scale 
was determined by marking the chart every time the punch operated. This gave 
a path-difference scale with increments of 4 urn. This scale was interpolated 
to give the f rac t ion of the 4 urn interval for the remaining displacement over 
the whole number of punch i n t e r v a l s . 
The value of x was also calculated from actual distance measureme-
nts on the chart , which was converted to path-difference units by knowledge 
of the r e l a t i v e speeds of the moving mirror and the chart recorder. The h a l f -
sample interferogram of f i g . 8.5 was recorded with a mirror drive speed of 
2.5 ym per second (path-difference un i t s ) and a chart speed of 30 mm per 
minute. The separation of Grand Maximum and dispersed maximum on the chart 
was measured as 2 3 . 5 ± 0 . 4 mm. x was thus calculated as 23.5x60x2.5/30 = 117.5 
± 2 . 5 urn. The 0.4 mm i s the standard error obtained for 10 chart recordings 
for the separation of Grand and dispersed maxima. The separations recorded 
were 23, 23.5, 24, 24.5 , 24, 23, 23, 23, 23.5 and 23 mm, giving an average of 
23.5 mm and a standard deviation of ±0 .4 mm (2%). 
The measured values for x and d were then read into the r e f r a c t i v e 
index programme DCH0623, and the arrays of background and sample phases used 
to obtain the r e f r a c t i v e index as affunction of frequency. F i g . 8.6 and table 
8.3 show the r e f r a c t i v e index curve for a 0.0105 cm thick tef lon sample, 
whose background and sample phases were shown in f i g s . 8.3 and 8 .4 . The 
r e f r a c t i v e index curves were obtained by assuming that the phase-difference 
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Table 8.3 Refractive index values f o r 0.0105 cm te f l on 
frequency re f rac t i ve index frequency re f rac t i ve index 
/cm 1 /cm" 1 
95.21 1.441 146.48 1.453 
97.66 1.441 148.93 1.453 
100.10 1.444 151.37 1.451 
102.54 1.447 153.81 1.449 
104.98 1.449 156.25 1.452 
107.42 1.445 158.69 1.453 
109.86 1.449 161.13 1.453 
112.30 1.448 163.57 1.454 
114.75 1.447 166.02 1.459 
117.19 1.443 168.46 1 .458 
119.63 1.444 170.90 1.463 
122.07 1 .445 173.34 1.463 
124.51 1.442 175.78 1.466 
126.95 1.442 178.22 1.466 
129.39 1.445 180.66 1.467 
131.84 1.442 183.11 1.468 
134.28 1.450 185.55 1.469 
136.72 1 .449 187.99 1.474 
139.16 1.451 190.43 1.478 
141.60 1.451 192.87 1.489 
144.04 1.454 195.31 1.497 
(continued) 
Table 8.3 (continued) 
frequency re f rac t i ve index frequency re f rac t ive index 
/cm" 1 , -1 /cm 
197.75 1.512 249.02 1.439 
200.20 1.528 251.46 1.440 
202.64 1.399 253.91 1.440 
205.08 1.378 256.35 1.441 
207.52 1.391 258.79 1.441 
209.96 1.397 261.23 1.442 
212.40 1.404 263.67 1.443 
214.84 1.409 266.11 1.445 
217.29 1.417 268.55 1.445 
219.73 1.420 271.00 1.447 
222.17 1.421 273.44 1.447 
224.61 1.423 275.88 1.444 
227.05 1.426 278.32 1.440 
229.49 1.428 280.76 1.439 
231.93 1.429 283.20 1.439 
234.38 1.432 285.64 1.440 
236.82 1.435 288.09 1.441 
239.26 1.434 290.53 1.442 
241.70 1.436 292.97 1.442 
244.14 1.436 295.41 1.441 
246.58 1.438 
U-3>o 
values ¥(v) of eqn. 8.8 can be replaced by the pr inc ipal value of the phase-
di f ference i^v) . 
Table 8.4 shows the phase values fo r a 0.0134 cm th ick sample of 
t e f l o n . The value at 200.20 cm 1 showed a d i scon t inu i t y , which resulted 
from the actual phase value of 3.34 (=-3.02+2TT) being calculated as the p r i n -
cipal phase value -3.02 by the programme DCH0690. Such d iscont inu i t ies were 
easi ly removed by inspect ion, and subsequent rep lo t t ing of the phase and 
re f rac t i ve index spectra. F ig. 8.7 and table 8.5 show the corrected re f rac t i ve 
index curve fo r the 0.0134 cm th ick sample of t e f l o n . S imi lar ly table 8.6 
shows the corrected path-di f ference values fo r a 0.0229 cm th ick te f lon sample. 
The f igures in parenthesis are the values of the phase-difference w i th in the 
pr inc ipal value range. The phase-differences between 197.75 and 212.40 cm - 1 
have a l l been corrected by use of the ±miT factor of eqn. 8.8. This table 
shows that careful consideration of the phase-differences outside the p r i n -
cipal value range needs to be taken. F ig. 8.8 and table 8.7 show the correc-
ted re f rac t i ve index values for th is 0.0229 cm te f lon sample. Pr ior knowledge 
of the shape of the dispersion curves fo r thinner te f lon samples, where the 
phase-differences were always wi th in the pr inc ipal value range, enabled the 
correct phase values to be determined. 
The d iscont inu i t ies in the phase values were expected fo r the 
th icker samples as can be seen from eqn. 8.9. For phase-differences w i th in 
the pr inc ipal value range then the fo l lowing inequal i ty must hold; 
|2 (n(v) -n)d | < l /2v 
However at v = 200.20 cm"1 and n(v) = 1.493 fo r a te f lon sample wi th d = 0.0229 
cm and n = 1.419; 
2(n(v)-n)d = 0.00339 cm 
and l /2v = 0.00250 cm 
Hence 2(n(v) -n)d| it l /2v and the phase-difference would be expected to l i e 
outside the range -3.14<^(v)<+3.14. From table 8.6 the phase value at 200.20 
cm 1 was found to be 4.55 a f te r cor rec t ion . 
te1 
Table 8.4 Phase values for 0.0134 cm te f lon 
frequency phase frequency phase 
/cm" 1 /radians /cm 1 /radians 
95.21 -0.24 146.48 -0.16 
97.66 -0.29 148.93 -0.18 
100.10 -0.26 151.37 -0.18 
102.54 -0.26 153.81 -0.17 
104.98 -0.24 156.25 -0.15 
107.42 -0.22 158.69 -0.06 
109.86 -0.18 161.13 -0.08 
112.30 -0.17 163.57 0.02 
114.75 -0.17 166.02 0.07 
117.19 -0.18 168.46 0.08 
119.63 -0.21 170.90 0.12 
122.07 -0.24 173.34 0.09 
124.51 -0.25 175.78 0.12 
126.95 -0.27 178.22 0.21 
129.39 -0.32 180.66 0.30 
131.84 -0.27 183.11 0.37 
134.28 -0.22 185.55 0.52 
136.72 -0.19 187.99 0.71 
139.16 -0.17 190.43 0.87 
141.60 -0.12 192.87 1.14 
144.04 -0.15 195.31 1.54 
(continued) 
Table 8.4 (continued) 
frequency phase frequency phase 
/cm 1 /radians /cm" 1 /radians 
197.75 2.22 249.02 -0.98 
200.20 3.34 (-3.02) 251.46 -0.89 
202.64 0.41 253.91 -0.89 
205.08 -2.56 256.35 -0.86 
207.52 -2.96 258.79 -0.85 
209.96 -2.60 261.23 -0.81 
212.40 -2.33 263.67 -0.77 
214.84 -2.10 266.11 -0.73 
217.29 -1.82 268.55 -0.69 
219.73 -1.65 271.00 -0.69 
222.17 -1.52 273.44 -0.66 
224.61 -1.44 275.88 -0.71 
227.05 -1.33 278.32 -0.85 
229.49 -1.28 280.76 -0.92 
231.93 -1.25 283.20 -0.89 
234.38 -1.22 285.64 -0.86 
236.82 -1.16 288.09 -0.81 
239.26 -1.10 290.53 -0.71 
241.70 -1.07 292.97 -0.76 
244.14 -1.02 295.41 -0.81 
246.58 -0.98 
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Table 8.5 Refractive index values fo r 0.1034 cm te f lon 
frequency re f rac t ive index frequency re f rac t i ve index 
/ c m - 1 /cm ^ 
95.21 1.432 146.48 1.439 
97.66 1.428 148.93 1.439 
100.10 1.430 151.37 1.439 
102.54 1.430 153.81 1.438 
104.98 1.432 156.25 1.440 
107.42 1.431 158.69 1.444 
109.86 1 .436 161.13 1.443 
112.30 1.437 163.57 1.446 
114.75 1.436 166.02 1.449 
117.19 1.436 168.46 1.449 
119.63 1.434 170.90 1.451 
122.07 1 .435 173.34 1.449 
124.51 1 .434 175.78 1.451 
126.95 1.431 178.22 1.453 
129.39 1.432 180.66 1.456 
131.84 1.432 183.11 1.457 
134.28 1.437 185.55 1.462 
136.72 1.437 187.99 1.468 
139.16 1.438 190.43 1.472 
141.60 1.441 192.87 1.482 
144.04 1.441 195.31 1.493 
WIS 
Table 8.5 (continued) 
frequency re f rac t ive index frequency re f rac t i ve index 
, -1 
/cm /cm"
1 
197.75 1.513 249.02 1.424 
200.20 1.543 251.46 1.425 
202.64 1.457 253.91 1.425 
205.08 1.372 256.35 1.426 
207.52 1.362 258.79 1.427 
209.96 1.373 261.23 1.428 
212.40 1.381 263.67 1.429 
214.84 1.387 266.11 1.430 
217.29 1.396 268.55 1.430 
219.73 1.402 271.00 1.432 
222.17 1.405 273.44 1.432 
224.61 1.408 275.88 1.431 
227.05 1.411 278.32 1.428 
229.49 1.413 280.76 1.427 
231.93 1.414 283.20 1.427 
234.38 1.415 285.64 1.428 
236.82 1.417 288.09 1.430 
239.26 1.418 290.53 1.431 
241.70 1.420 292.97 1.431 
244.14 1.421 295.41 1.430 
246.58 1.423 
Table 8.6 Phase values fo r 0.0229 cm te f l on 
frequency phase frequency phase 
/cm" 1 /radians /cm 1 /radians 
95.21 -0.17 146.58 -0.11 
97.66 -0.23 148.93 -0.10 
100.10 -0.17 151.37 -0.08 
102.54 -0.27 153.81 -0.04 
104.98 -0.27 156.25 0.00 
107.42 -0.26 158.69 0.09 
109.86 -0.20 161.13 0.12 
112.30 -0.19 163.57 0.13 
114.75 -0.23 166.02 0.14 
117.19 -0.24 168.46 0.21 
119.63 -0.23 170.90 0.31 
122.07 -0.25 173.34 0.46 
124.51 -0.23 175.78 0.50 
126.95 -0.20 178.22 0.64 
129.39 -0.13 180.66 0.67 
131.84 -0.18 183.11 0.87 
134.28 -0.24 185.55 1.09 
136.72 -0.28 187.99 1.33 
139.16 -0.16 190.43 1.58 
141.60 -0.18 192.87 1.97 
144.04 -0.06 195.31 2.72 
(continued) 
Table 8.6 (continued) 
frequency phase frequency phase 
/cm 1 /radians /cm" 1 /radians 
197.75 3.38 (-2.90) 249.02 -1.25 
200.20 4.55 (-1.73) 251.46 -1.14 
202.64 3.96 (-2.32) 253.91 -1.06 
205.08 3.29 (-2.99) 256.35 -0.98 
207.52 -4.21 (2.07) 258.79 -0.96 
209.96 -3.74 (2.54) 261.23 -0.90 
212.40 -3.30 (2.98) 263.67 -0.84 
214.84 -2.94 266.11 -0.81 
217.29 -2.56 268.55 -0.75 
219.73 -2.35 271.00 -0.65 
222.17 -2.20 273.44 -0.72 
224.61 -2.04 275.88 -0.85 
227.05 -1.85 278.32 -1.05 
229.49 -1.77 280.76 -1.16 
231.93 -1.68 283.20 -1.20 
234.38 -1.59 285.64 -1.10 
236.82 -1.49 288.09 -0.98 
239.26 -1.48 290.53 -0.86 
241.70 -1.43 292.97 -0.93 
244.14 -1.39 295.41 -0.98 
246.58 -1.34 
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Table 8.7 Refractive index values fo r 0.0229 cm te f lon 
frequency re f rac t ive index frequency re f rac t ive index 
/ cm ' 1 /cm 1 
95.21 1.418 146.48 1.421 
97.66 1.415 148.93 1.421 
100.10 1.417 151.37 1.422 
102.54 1.414 153.81 1.422 
104.98 1.414 156.25 1.423 
107.42 1.414 158.69 1.425 
109.86 1.417 161 .13 1.426 
112.30 1.418 163.57 1.426 
114.75 1.416 166.02 1.427 
117.19 1.416 168.46 1.428 
119.63 1.416 170.90 1.430 
122.07 1.417 173.34 1.432 
124.51 1.417 175.78 1.434 
126.95 1.417 178.22 1.436 
129.39 1.421 180.66 1.437 
131.84 1.417 183.11 1.440 
134.28 1.418 185.55 1.444 
136.72 1.416 187.99 1.448 
139.16 1.419 190.43 1.452 
141.60 1.419 192.87 1.459 
144.04 1.422 195.31 1.472 
(continued) 
Who 
Table 8.7 (continued) 
frequency re f rac t ive index frequency re f rac t i ve index 
/cm" 1 / cm ' 1 
197.75 1.474 249.02 1.406 
200.20 1.493 251.46 1.408 
202.64 1.483 253.91 1.409 
205.08 1.470 256.35 1.410 
207.52 1.344 258.79 1.411 
209.96 1.353 261.23 1.412 
212.40 1.361 263.67 1.413 
214.84 1.376 266.11 1.414 
217.29 1.382 268.55 1.415 
219.73 1.386 271.00 1.415 
222.17 1.389 273.44 1.414 
224.61 1.392 275.88 1.413 
227.05 1.395 278.32 1.410 
229.49 1.397 280.76 1.409 
231.93 1.398 283.20 1.409 
234.38 1.399 285.64 1.410 
236.82 1.400 288.09 1.412 
239.26 1.402 290.53 1.413 
241.70 1.403 292.97 1.413 
244.14 1.404 295.41 1.412 
246.58 1.405 
8.3 Reproducibi l i ty and precision of re f rac t ive index spectra 
To determine the reproduc ib i l i t y of the re f rac t i ve index curves 
ten spectra were recorded fo r the same te f lon sample. Ten dispersive i n te r -
ferograms were recorded for a 0.0083 cm te f lon sample, and ten background 
interferograms were recorded a l ternate ly with the sample tapes. This procedure 
required reposi t ioning of the te f lon sample for each interferogram. This 
ensured that the rep roduc ib i l i t y of the re f rac t i ve index curve was being 
calculated taking in to account imprecise posi t ioning of the sample in the 
beam. When a l l the dispersive interferograms had been recorded, then the same 
sample was used to obtain ten non-dispersive interferograms, so that the 
in tens i t i es obtained from re f rac t i ve index and absorption curves could be 
compared. When these interferograms were completed the te f lon sample was cut 
in ha l f across a diameter, and the half-sample technique used to determine 
x , the displacement of the br ightest f r i nge . 10 determinations of x were made 
and the average was found to be 0.0073±0.0002 cm. The thickness d of the sample 
was measured using a micrometer, and was found to be 0.0083±0.0002 cm. The 
compound error fo r the mean re f rac t i ve index n was calculated as 0 .01 , which 
gave the mean re f rac t i ve index (l+x/2d in eqn. 8.8) as 1.44±0.01. The 10 
re f rac t i ve index curves were computed using th is average value for the mean 
re f rac t i ve index over the f u l l band-width of the incident rad ia t ion . 
Values for the re f rac t i ve index at 97.66 cm 1 were used to 
calculate the precision fo r the re f rac t ive index at any frequency. The 10 
re f rac t i ve index values were 1.448, 1.446, 1.428, 1.400, 1.451, 1.476, 1.371, 
1.454, 1.445, and 1.400 which gave an average of 1.440, and a standard 
deviat ion of ±0.033. These f igures indicated that the phase values themselves 
were the major contr ibutory factor to the errors involved in the re f rac t i ve 
index ca lcu la t ion . The errors in mean level fo r the re f rac t i ve index are 
small when compared with the errors involved in ca lcu la t ing the varying 
port ion of the re f rac t i ve index (<f>(v)-4>0(v))/47rvd. 
The re f rac t i ve index curves obtained from the f i r s t 5 dispersive 
i n t e r f e r o g r a m s r e c o r d e d f o r t h e 0 .0083 cm t e f l o n sample a r e shown i n f i g . 
8 . 9 and t a b l e 8 . 8 . These c u r v e s i n d i c a t e d t h a t w h i l s t t h e a c t u a l r e f r a c t i v e 
i n d e x v a l u e s can o n l y be d e t e r m i n e d t o a p r e c i s i o n o f ± 0 . 0 3 , t h e shapes o f 
t h e c u r v e s matched v e r y w e l l , and i n d i c a t e d t h a t t h e d i f f e r e n c e s i n r e f r a c t i v e 
i n d e x caused by t h e a b s o r p t i o n w i l l be h i g h l y r e p r o d u c i b l e . (See unde r 
i n t e n s i t y c a l c u l a t i o n f o r t h e q u a n t i t a t i v e measurement o f t h i s r e f r a c t i v e 
i n d e x d i f f e r e n c e a c r o s s t h e d i s p e r s i o n . ) 
The e f f e c t o f beam d i v e r g e n c e w i t h i n t h e i n t e r f e r o m e t e r upon t h e 
p r e c i s i o n o f t h e r e f r a c t i v e i n d e x v a l u e s was a l s o c a l c u l a t e d . As a l r e a d y 
men t i oned a d i a p h r a g m o f d i a m e t e r 1.9 cm was used t o r e s t r i c t t h e cone o f 
r a d i a t i o n t o t h e s i z e o f t h e d i s p e r s i v e s a m p l e . The sample has a d i a m e t e r o f 
3 . 0 cm, and hence t h e h a l f - a n g l e 3 o f t h e cone o f r a d i a t i o n i n c i d e n t upon t h e 
sample was c a l c u l a t e d as t a n " 1 ( 0 . 5 5 / 1 5 . 0 ) g i v i n g 3 = 1 . 9 ° . The r a d i a t i o n 
p a s s i n g t h r o u g h t h e sample was presumed t o be d i s t r i b u t e d u n i f o r m l y o v e r t h e 
who le c o n i c a l s o l i d a n g l e , and does n o t pass u n i f o r m l y t h r o u g h t h e s a m p l e . 
C h a m b e r l a i n and Gebbie (212 ) r e p l a c e d t h e t h i c k n e s s d o f t h e sample i n e q n . 
8 . 8 by an ave rage t h i c k n e s s d ' , d e t e r m i n e d by t h i s maximum h a l f - a n g l e 3 f o r 
t h e cone o f r a d i a t i o n i n c i d e n t upon t h e s a m p l e . The r e l a t i o n s h i p between d 
and d 1 was g i v e n a s ; 
d ' = d { l + l / 4 n ( l - s i n 3 c o s 3 / 3 ) > 8 . 1 4 
For 3 = 1 . 9 ° , c o s 3 = 0 . 9 9 9 5 , s i n 3 = 0 . 0 3 3 2 , 3=0.0332 r a d i a n s . T h e r e f o r e d ' = 
1.00009 d f o r a t y p i c a l r e f r a c t i v e i n d e x v a l u e o f 1 . 4 . Now s i n c e ; 
n ( v ) = 1 + x / 2 d + l /4TTvd{cj ) (v)-<t> o (v)} 
For t h e 0 .0083 cm t e f l o n sample x=0 .0073 cm, t h e r e f o r e n becomes 1 . 4 3 9 7 2 , where 
i t was o r i g i n a l l y 1 . 4 3 9 7 6 , b e f o r e c o r r e c t i o n f o r t h e beam d i v e r g e n c e . The 
c o r r e c t i o n o f 0 .00004 was n o t s i g n i f i c a n t w i t h r e s p e c t t o t h e p r e c i s i o n f o r 
t h e r e f r a c t i v e i n d e x o f ± 0 . 0 3 a l r e a d y c a l c u l a t e d , and hence c o u l d be i g n o r e d . 
The e f f e c t o f beam d i v e r g e n c e on t h e v a r y i n g p a r t o f t h e r e f r a c t i v e 
i n d e x (c |>(v)-<}> 0 (v)) /4 i rvd was a l s o d e t e r m i n e d . For a r e f r a c t i v e i n d e x v a l u e 
d e t e r m i n e d a t 200 cm \ and a t y p i c a l phase d i f f e r e n c e , t h i s v a r y i n g p a r t 
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T a b l e 8 . 8 R e p r o d u c i b i l t y o f r e f r a c t i v e i n d e x c u r v e s f o r 0 .0083 cm t e f l o n 
f r e q u e n c y r e f r a c t i v e i n d e x 
/ cm ^ 
9 7 . 6 6 1.448 1.446 1.428 1.399 1.451 
1 0 0 . 1 0 1.459 1.458 1.435 1.397 1.439 
1 0 2 . 5 4 1.441 1.444 1.433 1.390 1.453 
1 0 4 . 9 8 1.450 1.446 1.431 1 .398 1.431 
107 .42 1.445 1.445 1.429 1.403 1.439 
109 .86 1.439 1.459 1.415 1.397 1 .435 
1 1 2 . 3 0 1.447 1.440 1 .414 1.400 1.445 
114 .75 1.443 1.439 1.415 1.394 1.431 
117 .19 1.442 1.439 1.427 1.397 1.436 
119 .63 1.449 1.432 1.417 1.387 1.439 
122 .07 1.440 1.448 1.422 1.391 1.432 
124 .51 1.448 1.452 1.424 1.399 1.435 
126 .95 1.451 1.445 1.426 1.388 1.446 
129 .39 1.450 1.446 1.427 1.393 1.437 
131 .84 1.457 1.449 1.433 1.396 1.439 
1 3 4 . 2 8 1.460 1.451 1.426 1.403 1.442 
136 .72 1.460 1.451 1.429 1.398 1.446 
139 .16 1.458 1.449 1.428 1.399 1.447 
141 .60 1.450 1.457 1.429 1.406 1.450 
1 4 4 . 0 4 1.461 1.452 1 .431 1.400 1.446 
146 .48 1.451 1.451 1.428 1 .396 1.437 
148 .93 1.455 1.446 1.432 1.400 1.445 
151 .37 1.449 1.453 1.433 1.399 1.444 
153 .81 1.449 1.451 1.426 1 .398 1.442 
156 .25 1.456 1.451 1.427 1.396 1.441 
158 .69 1.450 1.447 1.432 1.396 1.449 
T a b l e 8 . 8 ( c o n t i n u e d ) 
f r e q u e n c y r e f r a c t i v e i n d e x 
/ c m " 1 
161 .13 1.454 1.456 1.431 1.398 1.440 
163 .57 1.454 1.452 1.434 1.406 1.443 
166 .02 1.457 1.454 1.427 1.406 1 .444 
168 .46 1.457 1.456 1.437 1.409 1.446 
170 .90 1.464 1.462 1.433 1.412 1.446 
1 7 3 . 3 4 1.464 1.460 1.442 1.410 1.452 
1 7 5 . 7 8 1.468 1.463 1.443 1.412 1.455 
178 .22 1.468 1.470 1.446 1.417 1 .457 
180 .66 1.466 1.470 1.447 1.417 1.465 
183 .11 1.472 1.469 1.449 1.420 1.463 
185 .55 1.475 1.473 1.453 1.419 1.463 
187 .99 1.477 1.475 1.450 1.422 1.470 
190 .43 1.479 1.480 1.460 1.432 1.476 
192 .87 1.487 1.483 1.466 1.437 1.476 
195 .31 1.496 1.490 1.472 1.438 1 .484 
197 .75 1.511 1.507 1.490 1.451 1 .510 
2 0 0 . 2 0 1.551 1.534 1.498 1.477 1.518 
202 .64 1.432 1.400 1.479 1.354 1 .523 
2 0 5 . 0 8 1.370 1.449 1.362 1.348 1.380 
207 .52 1.395 1.389 1.363 1.336 1.378 
209 .96 1.394 1.399 1.379 1.346 1 .388 
2 1 2 . 4 0 1.408 1.404 1.377 1.350 1 .398 
2 1 4 . 8 4 1.410 1.414 1.388 1.358 1.405 
217 .29 1.418 1.417 1.393 1.364 1.409 
219 .73 1.422 1.419 1.393 1.369 1.409 
222 .17 1.426 1.427 1.403 1.371 1.415 
4-4-1* 
T a b l e 8 . 8 ( c o n t i n u e d ) 
f r e q u e n c y r e f r a c t i v e i n d e x 
/ cm 1 
224 .61 1.428 1.428 1.406 1.372 1.418 
227 .05 1.432 1.432 1 .408 1.378 1.420 
229 .49 1.435 1.434 1.410 1.380 1.423 
231 .93 1.437 1.431 1.411 1.380 1.425 
2 3 4 . 3 8 1.437 1.435 1.413 1.384 1.426 
2 3 6 . 8 2 1.437 1.433 1.414 1.380 1.424 
239 .26 1.436 1.432 1.412 1.382 1.425 
241 .70 1.435 1 .438 1.414 1.383 1.427 
2 4 4 . 1 4 1.438 1.434 1.414 1.385 1.426 
2 4 6 . 5 8 1.437 1.436 1.414 1.386 1.424 
249 .02 1.437 1.437 1.413 1.384 1.427 
2 5 1 . 4 6 1.441 1.440 1 .416 1.385 1.428 
253 .91 1.442 1.440 1.417 1.388 1.432 
2 5 6 . 3 5 1.443 1.441 1.419 1.390 1.433 
258 .79 1.445 1.444 1.421 1.392 1.434 
2 6 1 . 2 3 1.445 1.444 1.423 1.391 1.436 
2 6 3 . 6 7 1.449 1.446 1.424 1.394 1.438 
266 .11 1.450 1.447 1.425 1.393 1.435 
2 6 8 . 5 5 1.448 1.448 1.425 1.395 1.440 
271 .00 1.449 1 .448 1.426 1.395 1.439 
2 7 3 . 4 4 1.448 1.449 1.426 1.398 1.439 
2 7 5 . 8 8 1.447 1.446 1.423 1.390 1.436 
278 .32 1.441 1.440 1.420 1.388 1.430 
280 .76 1.441 1.438 1.419 1.386 1.428 
2 8 3 . 2 0 1.441 1.440 1.412 1.388 1.431 
2 8 5 . 6 4 1.441 1.439 1.418 1.387 1.430 
became 0 .143802 when beam d i v e r g e n c e was t a k e n i n t o a c c o u n t , when i t had been 
0 .143814 o r i g i n a l l y . T h i s change o f 0 .00001 was once a g a i n n o t s i g n i f i c a n t 
w i t h r e s p e c t t o t h e p r e c i s i o n o f t h e c u r v e s a l r e a d y g i v e n . Thus t h e beam 
d i v e r g e n c e was seen t o have no e f f e c t upon t h e p r e c i s i o n o f t h e r e f r a c t i v e 
i n d e x v a l u e s d e t e r m i n e d . 
8 . 4 . 1 Theory f o r i n t e n s i t y c a l c u l a t i o n s 
The i n t e g r a t e d s t r e n g t h o f a b s o r p t i o n b a n d s , and t h e i r r e l a t i v e 
p o s i t i o n s d e t e r m i n e t h e r e f r a c t i v e i n d e x v a l u e s i n any s p e c t r a l r e g i o n . 
V a r i o u s e x p r e s s i o n s have been used w h i c h r e l a t e t h e measured r e f r a c t i v e i n d e x 
v a l u e s t o t h e i n t e g r a t e d a b s o r p t i o n s t r e n g t h s f o r a s s o c i a t e d b a n d s . The use 
o f t h e s e e q u a t i o n s w i l l be d i s c u s s e d i n t h e f o l l o w i n g s e c t i o n . 
The a b s o r p t i o n c o e f f i c i e n t a ( v ) , and t h e r e f r a c t i v e i n d e x can 
be r e l a t e d ( 2 2 5 ) ; 
N ( v ) = n ( v ) - j a ( v ) /4TTV 8 . 1 5 
where N ( v ) i s t h e complex r e f r a c t i v e i n d e x a t wavenumber v cm ^ 
a ( v ) i s t h e a b s o r p t i o n c o e f f i c i e n t pe r cm a t wavenumber v cm ^ 
n ( v ) i s t h e r e a l r e f r a c t i v e i n d e x a t wavenumber v cm ^ 
The i n t e g r a t e d a b s o r p t i o n s t r e n g t h A. o f t h e i t h a b s o r p t i o n f e a t u r e c e n t r e d 
a t wavenumber has a l r e a d y been d e t e r m i n e d as ( e q n . 4 . 1 ) ; 
A. = | a ( v ) . d v 
and has been used f o r c a l c u l a t i o n o f band i n t e n s i t i e s f r o m p h o t o m e t r i c 
measurements o f a ( v ) . (See s e c t i o n 4 . 2 . ) 
The a b s o r p t i o n c o e f f i c i e n t pe r cm can be w r i t t e n as ( 2 2 6 ) ; 
a ( v ) = 4 i T V n ( v ) K ( v ) 8 . 1 6 
where K ( V ) i s t h e e x t i n c t i o n c o e f f i c i e n t a t wavenumber v cm ^ 
S u b s t i t u t i o n o f 8 .16 i n t o 8 . 1 5 g i v e s ; 
N ( v ) = n ( v ) - j n ( v ) < ( v ) 
N ( v ) = n ( v ) ( l . j K ( v ) ) 8 . 1 7 
T h i s e q u a t i o n shows t h a t t h e r e a l and im a g i n a r y p a r t s o f t h e r e f r a c t i v e 
i n d e x a r e d e p e n d e n t , and a r e r e l a t e d t h r o u g h t h e e x t i n c t i o n c o e f f i c i e n t . 
C o n s i d e r a t i o n o f p a r t i c u l a r models f o r t h e a b s o r p t i o n 
p rocesses have e n a b l e d e x p l i c i t r e l a t i o n s h i p s between t h e r e a l and imrnag inary 
p a r t s i n e q n . 8.17 t o be d e t e r m i n e d . Fo r a s e r i e s o f c l a s s i c a l , damped, 
harmon ic o s c i l l a t o r s immersed i n an i s o t r o p i c medium n ( v ) and a ( v ) c o u l d be 
d e t e r m i n e d by u s i n g L o r e n t z i a n t y p e e q u a t i o n s (226). The C l a u s s i u s - M o s o t t i 
a p p r o x i m a t i o n (226,227) gave t h e r e a l p a r t o f t h e r e f r a c t i v e i n d e x n ( v ) a t 
wavenumber v cm 1 a s ; 
n ( v ) = n v ( v ) + z. A . / 2 T r 2 ( l / ( v i 2 - v 2 ) + r i 2 ) 8.18 
where n ^ ( v ) i s t h e e x t r a p o l a t e d c o n t r i b u t i o n t o t h e r e f r a c t i v e 
i n d e x a t wavenumber v cm 1 i n t h e i n f r a r e d r e g i o n , w h i c h a r i s e s f r o m resonances 
a t wavenumbers h i g h e r t h a n t h o s e w i t h i n t h e i n f r a r e d r e g i o n . The p o s t s c r i p t 
V i n d i c a t e s t h a t resonances a f f e c t i n g t h e r e f r a c t i v e i n d e x i n t h e i n f r a r e d 
o f t e n o c c u r i n t h e v i s i b l e s p e c t r a l r e g i o n . 
i s t h e i n t e g r a t e d a b s o r p t i o n s t r e n g t h , as a l r e a d y d e f i n e d , 
f o r t h e i . t h a b s o r p t i o n b a n d , w h i c h has a maximum a b s o r p t i o n c o e f f i c i e n t 
pe r cm a ( v ) a t wavenumber cm \ 
r i 2 = (totftf/frf-v2) 8.19 
Av , . i s t h e t o t a l w i d t h a t h a l f maximum o f t h e a b s o r p t i o n 
c o e f f i c i e n t pe r cm a ( v ) f o r t h e i . t h b a n d . 
2 
I \ as g i v e n by e q n . 8.19 i s a l i n e shape t e r m , w h i c h t a k e s 
i n t o a c c o u n t t h e f i n i t e w i d t h s o f t h e a b s o r p t i o n f e a t u r e s i n e q n . 8.18. 
F i g . 8.10 shows t h e v a r i a t i o n o f r e f r a c t i v e i n d e x n ( v ) a t wavenumber v c m - 1 , 
t h r o u g h t h e a b s o r p t i o n b a n d . The maximum and minimum o f r e f r a c t i v e i n d e x a r e 
c l e a r l y v i s i b l e i n t h e r e g i o n o f t h e anomolous d i s p e r s i o n a round t h e band 
c e n t r e v . cm \ The maximum r e f r a c t i v e i n d e x o c c u r s a t v . - i A v , . cm \ and 
t h e minimum a t v ^ + | A v ^ cm \ The maximum r e f r a c t i v e i n d e x d i f f e r e n c e , t h a t i s 
t h e d i f f e r e n c e between maximum and minimum r e f r a c t i v e i n d e x , i n t h e r e g i o n 
o f t h e a b s o r p t i o n i s known as t h e r e f r a c t i o n a m p l i t u d e A., cm 1 . 
Now A. = n f v . - J A v , . ) - n ( v . + | A v . . ) 8.20 
4 V i 
\ 
(v 
/ \ / 
\ 
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A simple equat ion f o r determin ing the i n t eg ra ted absorp t ion 
s t reng th has been obta ined by assuming c o n t r i b u t i o n s from o ther i n f r a r e d bands 
are n e g l i g i b l e , then the sum over i bands, i n eqn. 8 . 1 8 , can be rep laced by 
the i n t eg ra ted i n t e n s i t y f o r a s i n g l e band. 
n ( v ) = n v ( v ) + A . / 2 T r 2 { ( v i 2 - v 2 ) + r . 2 } 8.21 
S u b s t i t u t i n g f o r n(v..-£A\^..) and n (v \+ 2 "Av 1 . ) from eqn. 8.21 i n t o 8.20 g i v e s ; 
Aj = n v ( v i 4 A v ^ i ) - n y t v K + l A v ^ ) 
? - ? - - 2 - 2 - - ? 
+ n^/cti \ ( \ ) . - ^ - s A V ^ y ) + a ^ ^ V ^ m ) ^ ; } 
( v ^ - ^ . - l A v ^ ) 2 ) 
- A i / 2 7 r 2 { ( v i 2 - ( v i + j A v J i ) 2 ) + A ^ . ^ y j A ^ ) 2 8 . 2 2 
( v ^ - J v . + i A V j . ) 2 ) 
By making the f u r t h e r reasonable assumption t h a t ; 
n - . f v . - M v . . ) = n . , ( v . + M v . . ) 
t h a t i s t h a t the ex t rapo la ted value f o r the r e f r a c t i v e index i n the reg ion o f 
the i n f r a r e d a b s o r p t i o n , due t o absorp t ions i n the v i s i b l e spec t ra l r e g i o n , 
was constant over the i n f r a r e d a b s o r p t i o n , then eqn. 8.22 can be s i m p l i f i e d 
to g i v e ; 
2 - - - 2 - 2 - - 2 
A. = A . / 2 T T ( v . A v ^ . - l A v ^ . ) + Av , . ( v . - A V j . ) 
( v i A v i i - j A v i . 2 ) 
- l / t - O . A V j . - i A V j J 2 ) + A ^ . 2 ( v . + A ^ . ) 2 8 > 2 3 
- - - 2 
( -V.AV. . -JAV! ) 
1 2 I 2 
I f Av \ . « v . , t h a t i s the band w id th a t h a l f he igh t i s very much sma l le r than 
_ 2 
the wavenumber o f maximum absorp t ion c o e f f i c i e n t , thenA\| . j i s n e g l i g i b l e 
- 2 
w i t h respect t o . 
- 2 
By neg lec t i ng A v ^ terms eqn. 8 .23 becomes; 
A i = A . / 2 7 T 2 ( v i A v ^ . + A v ^ v . ^ v . A V j . + i A ^ . 2 ) / ^ . 
2 2 2 - 8 - 2 4 - l / ( - v . A v + Av ( v . + 2 v . A v . ^ A v ^ ) ) / V i 
H-i\ 
- 2 - 3 
On m u l t i p l y i n g up and n e g l e c t i n g A v A . and A v A . t e rms t h i s becomes; 
A. = A . / 2 T T 2 { ( V . A V 1 . + V . A V . . ) > - A . / 2 T T 2 { ( - V . A V 1 . - V . A V , . ) } 8 .25 
A. = A . / 2 T T 2 ( 1 / 2 V . A V 1 . + l / 2 v . A v . . ) 8 .26 
A. = A . / 2 T T 2 V . A V 1 . 8 .27 
A . = A.27r 2v.Av, . 8 . 2 8 
Eqn. 8 . 2 8 g i v e s t h e i n t e g r a t e d a b s o r p t i o n s t r e n g t h A. , i n t e rms o f t h e r e f r a c t i o n 
a m p l i t u d e A.., t h e wavenumber o f maximum a b s o r p t i o n v.. a n d - t h e h a l f - b a n d w i d t h 
A v A . . These 3 q u a n t i t i e s can r e a d i l y be d e t e r m i n e d f r o m t h e d i s p e r s i o n c u r v e 
t o g i v e p r e l i m i n a r y i n t e n s i t y measuremen ts . The t u r n i n g p o i n t s o f t h e r e f r a c t i v e 
i n d e x c u r v e can e a s i l y be d e t e r m i n e d by i n s p e c t i o n , and t h e r e f r a c t i o n 
a m p l i t u d e and h a l f - b a n d w i d t h t h u s c a l c u l a t e d . To d e t e r m i n e t h e band c e n t r e t h e 
band was assumed t o be s y m m e t r i c a l , so t h a t t h e mean f r e q u e n c y f o r maximum 
and minimum r e f r a c t i v e i n d e x was t a k e n as t h e wavenumber o f maximum a b s o r p t i o n . 
8 . 4 . 2 . P r e l i m i n a r y i n t e n s i t y c a l c u l a t i o n s f o r 0 .0083 cm t e f l o n 
T a b l e 8 . 9 shows t h e maximum and minimum r e f r a c t i v e i n d e x 
o b s e r v e d f o r t h e 10 d i s p e r s i v e s p e c t r a o f t h e 0 .0083 cm t e f l o n sample r e c o r d e d 
as d e t a i l e d i n s e c t i o n 8 . 2 . The c a l c u l a t e d v a l u e s f o r Av , . and A. were used 
i n e q n . 8 . 2 8 t o c a l c u l a t e t h e a b s o r p t i o n s t r e n g t h s f o r t h e 10 c u r v e s . The 
ave rage a b s o r p t i o n s t r e n g t h f o r t h e 202 cm~^ a b s o r p t i o n was f o u n d t o be 3 010 
- 2 - 1 
±860 cm . The ave rage h a l f - b a n d w i d t h was c a l c u l a t e d as 4 . 8 ± 1 . 4 cm . 
For compa r i son w i t h t h e d i s p e r s i o n work 10 r a t i o e d t r a n s m i s s i o n 
s p e c t r a f o r t h e 0 .0083 cm t e f l o n sample were r e c o r d e d and compu ted . T y p i c a l 
a b s o r p t i o n c u r v e s a re shown i n f i g . 8 . 1 1 . The i n t e g r a t e d a b s o r p t i o n i n t e n s i t y 
f o r t h e 202 cm ^ t e f l o n a b s o r p t i o n was c a l c u l a t e d as d e t a i l e d i n c h a p t e r 4 . 
T a b l e 8 . 1 0 shows t h e ave rage o f compu te r and p l a n i m e t e r i n t e n s i t y f o r each 
s p e c t r u m . The ave rage i n t e n s i t y f o r t h e compu te r and p l a n i m e t e r i n t e n s i t i e s 
f o r t h e 10 a b s o r p t i o n c u r v e s was 4 150±70 cm . T h i s v a l u e sugges ted t h a t t h e 
p r e l i m i n a r y i n t e n s i t y v a l u e s f r o m t h e d i s p e r s i o n c u r v e s were l o w . 
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T a b l e 8 . 1 0 T r a n s m i s s i o n i n t e n s i t i e s f o r 0 .0083 cm t e f l o n 
i n d e x i n t e n s i t y 
/ c m " 2 
1 4250 
2 3960 
3 4200 
4 4140 
5 4130 
6 4160 
7 4210 
8 4220 
9 4110 
10 4120 
8 . 4 . 3 . More s o p h i s t i c a t e d f i t t i n g t e c h n i q u e s f o r i n t e n s i t y c a l c u l a t i o n s 
Eqn. 8 . 1 8 r e l a t e d t h e r e a l r e f r a c t i v e i n d e x n ( v ) a t wavenumber 
- 1 - 2 
v cm t o t h e a b s o r p t i o n s t r e n g t h cm f o r t h e v a r i o u s a b s o r p t i o n s i n 
t h e i n f r a r e d r e g i o n ; 
n ( v ) = n v ( v ) + E. A. /2- r r 2 ( l / ( 0 . 2 - 0 2 ) + r \ 2 8 . 1 8 
I f V i s t a k e n t o r e p r e s e n t a wavenumber be low t h a t o f t h e c e n t r e o f resonance 
v . , and v " a wavenumber above v . t h e n ; 
i I 
n ( v ' ) - n ( v " ) = n u ( v ' ) - n J v " ) + Z A A / z / ( { v , 2 - v ' Z ) + T A ' Z ) 
« V I i i i 
- E . A . / 2 T T 2 ( ( v . 2 - v " 2 ) + r i " 2 ) 8 . 2 9 
By assuming t h a t t h e e x t r a p o l a t e d c o n t r i b u t i o n t o t h e r e f r a c t i v e i n d e x f r o m 
resonances f r o m wavenumbers o u t s i d e t h e i n f r a r e d r e g i o n rema in c o n s t a n t o v e r 
t h e r e g i o n o f resonance t h e n ; 
n v ( v ' ) = n v ( v " ) 8 . 3 0 
and when w r i t i n g n ( v ' ) - n ( v " ) = 6 ( v ' , v " ) 
t h e n 6 ( v ' , v " ) = Z. A ^ . ( v * , v " ) / 2 T T 2 8 .31 
where g . = l / ( ( v . 2 - v , 2 ) + - r . , 2 ) - 1 / ( ( v ^ - v " 2 ^ " 2 ) 8 . 32 
Eqn. 8 .31 r e p r e s e n t s t h e r e f r a c t i v e i n d e x d i f f e r e n c e a t wavenumbers e i t h e r 
s i d e o f a c e n t r a l resonance a t wavenumber cm \ and i n d i c a t e s t h a t t h i s 
d i f f e r e n c e i s due t o t h e sum o f a l l a b s o r p t i o n s t r e n g t h s f o r resonances 
t h r o u g h o u t t h e i n f r a r e d r e g i o n . The r e f r a c t i v e i n d e x i n t h e r e g i o n o f a 
resonance i s due p r i m a r i l y t o t h e resonance f e a t u r e i t s e l f , b u t a l s o c o n t a i n s 
c o n t r i b u t i o n s due t o resonances v . , w h i c h have been s e p a r a t e d o u t as b e l o w ; 
< 5 ( v ' , v " ) = A i g i ( v ' , v " ) / 2 7 r 2 + E b.g. ( v ' , v " ) / 2 T T 2 8 . 3 3 
The sum t e r m now r e p r e s e n t s t h e e f f e c t on t h e r e f r a c t i v e i n d e x d i f f e r e n c e 
due t o a l l i n f r a r e d r e s o n a n c e s , e x c e p t i n g t h a t c e n t r e d a t wavenumber cm \ 
The e f f e c t o f resonances o u t s i d e t h e i n f r a r e d have a l r e a d y been c o n s i d e r e d 
i n t h e t e r m n v ( v ) , 
I n c e r t a i n c i r c u m s t a n c e s , w h i c h a r e d e t a i l e d b e l o w , t h e l i n e 
«7 
2 
shape t e r m r\ can be n e g l e c t e d , and e q n . 8 . 3 3 s i m p l i f i e s t o ; 
6 ( v ' , v " ) = A . f ^ O ' . v ' ^ / Z i r 2 + S j / i 1 A j f j ( v , , v , , ) / 2 i r 2 8 . 3 4 
where f ^ v ' . v " ) = l / ( v . 2 - v ' 2 ) - l / ( v . 2 - v " 2 ) 8 . 3 5 
- 2 - 2 - 2 
T h i s a p p r o x i m a t i o n was made when Av,. « (v. -v* ) , w h i c h was seen t o make 
2 ' 1 
2 
r. app roach z e r o , s i n c e ; 
.2 - 2 - 2 - 2 - 2 
r . 1 = A v , . V / ( v . - v ' ) 
T h i s was seen t o o c c u r when e i t h e r ( i ) t h e resonance was v e r y na r row i . e . 
AVi- s m a l l , o r ( i i ) when t h e wavenumbers v ' and v " were chosen so as t o be 
2 ^ 
f a r removed f r o m t h e a b s o r p t i o n f e a t u r e . I t was n o t e d t h a t e q n . 8 . 3 4 i n d i c a t e d 
t h a t t h e r e f r a c t i v e i n d e x d i f f e r e n c e wou ld be e x p e c t e d t o t e n d t o i n f i n i t y 
- 2 - 2 
as v t e n d s t o v . . , s i n c e - v 1 t ends t o z e r o . T h i s l i m i t e d use o f e q n . 8 .34 
t o r e f r a c t i v e i n d e x d i f f e r e n c e s f a r removed f r o m t h e r e s o n a n c e , as d e t a i l e d 
a b o v e . 
For i s o l a t e d resonances s i t u a t e d a t wavenumber t h e summat ion 
t e r m i n e q n . 8 . 3 4 was i g n o r e d , g i v i n g ; 
< 5 ( v ' , v " ) = A i f i ( v ' , v " ) / 2 T T 2 8 . 3 6 
when t h e l i n e shape f a c t o r was i g n o r e d , o r ; 
< 5 ( v ' , v " ) = A . g . ( v ' , V " ) / 2 T T 2 8 . 3 7 
when t h e l i n e shape f a c t o r was i n c l u d e d . The f u n c t i o n s f . . ( v ' , v " ) and g . ( v ' , v " ) 
were g i v e n i n e q n s . 8 . 3 5 and 8 . 3 2 r e s p e c t i v e l y . 
8 . 4 . 4 S o p h i s t i c a t e d f i t t i n g t e c h n i q u e s f o r 0 .0083 cm t e f l o n 
T a b l e 8.11 shows t h e v a l u e s o f v ' , n ( v ' ) , v " , n ( v " ) , 1 0 2 6 ( v ' , v " ) 
4 _ _ 4 _ _ 
10 f ^ ( v ' , v " ) and 10 g ^ ( v ' , v " ) o b t a i n e d f o r one d i s p e r s i o n c u r v e o f 0 .0083 cm 
t h i c k t e f l o n . F i g . 8.12 shows t h e p l o t o f 1 0 2 6 ( v ' , v " ) v e r s u s 1 0 4 f i ( v 1 , v " ) , 
and I 0 2 6 ( v ' , v " ) v e r s u s 1 0 4 g i ( v 1 , v " ) . Eqn. 8 .36 showed t h a t t h e g r a d i e n t o f t h e 
4 - - 2 
b e s t s t r a i g h t l i n e t h r o u g h t h e p o i n t s f o r 10 f . ( v ' , v " ) wou ld g i v e A.j/2Tr . 
2 
T h e r e f o r e A. = 2TT X g r a d i e n t o f t h e b e s t s t r a i g h t l i n e . The v a l u e s o f 
2 - - 4 - -
10 < 5 ( v ' , v " ) a g a i n s t 10 f . ( v ' , v " ) a p p r o x i m a t e d t o a s t r a i g h t l i n e up t o a v a l u e 
- 4 2 2 
o f 7 x 10 cm f o r f ^ , above w h i c h t h e l i n e shape f a c t o r p resumab l y 
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becomes impor t an t . The wavenumber values corresponding to t h i s value f o r f.. 
were 196.53 and 211.18 cm \ For t h i s resonance the band centre was c a l c u l a t e d 
as 203.86 c m " 1 , and the ha l f -band w i d t h as 4.88 c m - 1 (see t a b l e 8 . 9 ) . These 
f i g u r e s gave v ^ - v ^ 7.3 cm \ and i n d i c a t e d t h a t the f^ f u n c t i o n could on ly 
be used when v . - v 1 > 2 A v . . . 
i \-\ 
? _ -
F i g . 8.13 shows an expansion p l o t f o r 10 6 ( v ' , v " ) aga ins t 
4 -4 2 10 g ^ v ' j V " ) , f o r values o f g^ between 0 and 7 x 10 cm . The best s t r a i g h t 
2 -2 
l i n e through the data po in t s had a g rad i en t o f 1.68 x 10 cm . Hence the 
absorp t ion c o e f f i c i e n t A. f o r the 202 c m - 1 absorp t ion was c a l c u l a t e d as 3 320 
-2 
cm . 
The simple l i n e a r l e a s t squares ana lys i s programme BEERSLAW 
was adapted f o r use w i t h the 6 ( v ' , v " ) versus g ^ v ' . v " ) data to o b t a i n the 
g rad i en t o f the best s t r a i g h t l i n e . The values f o r 10%and lO^g.. f o r 40 values 
of v 1 and v" were f i r s t l y used to o b t a i n the best s t r a i g h t l i n e f i t . The 
d e v i a t i o n o f each data p o i n t f rom the computed best s t r a i g h t l i n e was then 
analysed, and any data p o i n t s , e s p e c i a l l y a t the beginning or end o f the a r r a y , 
which had l a rge dev i a t i ons were removed. The g rad ien t o f the best s t r a i g h t 
l i n e f o r the t runca ted data set was then redetermined using the BEERSLAW 
programme. The t r u n c a t i o n procedure was cont inued u n t i l the d e v i a t i o n s o f the 
i n d i v i d u a l data po in t s f rom the computed best s t r a i g h t l i n e f i t became random 
throughout the a r r ay . By using t h i s procedure i t was hoped t h a t the data po in ts 
r 
s u i t e d to the phys ica l res^a in t s o f the model used i n de te rmin ing the r e l a t i o n 
between r e f r a c t i v e index and i n t e g r a t e d i n t e n s i t y would be chosen. The values 
f o r the absorp t ion s t rengths o f the 202 cm 1 t e f l o n resonance, f o r the 10 
d i s p e r s i o n curves , are g iven i n t a b l e 8 .12. The average value f o r the 10 curves 
was found to be 3 400±200 c m " 2 . 
The ha l f -band wid ths measured f rom the d i s p e r s i o n curves were 
shown i n t a b l e 8 .9 . The values shown were lower than those obta ined f o r the 
t ransmiss ion spectra f o r the same t e f l o n sample. The average ha l f -band w i d t h 
obtained w i t h the t ransmiss ion spect ra was 9±1 c m " 1 , as compared w i t h the 
Table 8.12 I n t e n s i t i e s f o r 0.0083 cm t e f l o n 
index i n t e n s i t y 
A . = A V . V . 2 T T 2 A . A 
I £ I I i 
, -2 
/cm 
( r d i s p > 
/ c m " 2 
A i < r t r a n ) 
/cm 2 
1 2860 3370 + 60 3810 + 70 
2 3990 3130 + 100 3960 + 50 
3 3360 3470 + 40 3860 + 60 
4 2900 3410 + 50 3830 + 60 
5 1620 3460 + 70 3760 + 80 
6 3350 3590 + 60 3770 + 60 
7 2210 3020 + 90 3940 + 70 
8 2020 3490 + 50 3850 + 70 
9 4250 3540 + 40 3660 + 50 
10 3530 3410 + 50 3810 + 70 
f o r symbols see t e x t . 
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d i s p e r s i o n value o f 4 . 8 ± 1 . 4 cm \ This value o f the ha l f -band w i d t h f rom the 
2 
t ransmiss ion spectra was used to determine r \ , and eqn. 8.37 used to c a l c u l a t e 
the i n t e g r a t e d i n t e n s i t y v i a the g rad ien t o f the best s t r a i g h t l i n e f o r the 
2 - - 4 - -
10 6 ( v ' , v " ) versus 10 g . ( v ' , v " ) p l o t , and the t r u n c a t i o n o f arrays method as 
d e t a i l e d above. The 10 values f o r the i n t e g r a t e d i n t e n s i t y A., determined are 
_2 
shown i n t a b l e 8 .12, and gave an i n t e n s i t y o f 3 800±200 cm as an average 
_2 
va lue . This l a rge increase f rom the value o f A . . , o f 3 400±200 cm , using the 
ha l f -band widths as measured by d i s p e r s i o n , i n d i c a t e d the la rge e f f e c t the 
2 2 l i n e shape f u n c t i o n l \ has on the c a l c u l a t e d i n t e n s i t y . Since I \ was a 
f u n c t i o n o f the ha l f -band w i d t h , then the l a t t e r must be measured a c c u r a t e l y . 
This was d i f f i c u l t i n a d i s p e r s i v e spectrum, where the ha l f -band w i d t h was 
obtained as the frequency d i f f e r e n c e between the t u r n i n g po in t s i n the phase 
or r e f r a c t i v e index curve . I f these t u r n i n g po in t s are not observed on the 
phase curve then the f e a t u r e i s not being re so lved . The r e t u r n between t u r n i n g 
po in t s was not observed f o r many o f our r e f r a c t i v e index curves (see f i g s . 8.6 
to 8 . 9 ) , and t h i s made de t e rmina t ion o f the ha l f -band w i d t h d i f f i c u l t . I t thus 
seems l i k e l y t h a t a h igher r e s o l u t i o n i s necessary. The r e s o l u t i o n achieved 
f rom the r e f r a c t i v e index curves appeared to be approximate ly one -ha l f t h a t 
achieved f o r the maximum m i r r o r displacement o f 0.0208 cm w i t h a t ransmiss ion 
spectrum. No f u r t h e r t e s t s have been undertaken, but i t appears t h a t twice 
the i n t e r f e r o g r a m leng th i s r equ i red i n the d i s p e r s i v e mode to o b t a i n equ iva l en t 
r e s o l u t i o n to t h a t i n the non-d ispers ive mode. 
Chamberlain and Gebbie (212) obtained a value o f A.. = 4 710 
-2 -1 
cm f o r the 202 cm band o f 0.0075 cm t e f l o n . This value i s l a r g e r than the 
_? 
3 400±200 cm value obtained f rom our 0.0083 cm samples. The i n t e n s i t i e s 
o f the t e f l o n would not be expected to be dependent upon the t h i cknes s , but 
on ly on the composi t ion o f the sample. The o p t i c a l q u a l i t y o f the samples i s 
an impor tan t cons ide ra t i on i n the f a r - i n f r a r e d spec t r a l r e g i o n . The i n t e r f e r -
ogram could be s i g n i f i c a n t l y m o d i f i e d by e f f e c t s a d d i t i o n a l to those o f a pu re ly 
abso rp t ive or d i s p e r s i v e sample, by such f a c t o r s as va ry ing sample t h i c k n e s s , 
which has a l ready been seen to occur i n s ec t ion 8 . 2 , and undu la t ing su r f aces . 
This degradat ion o f the i n t e r f e r o g r a m leads to a phase spectrum not r e l a t e d 
i n the expected way to the t r u e r e f r a c t i v e index spectrum, and hence g i v i n g 
f a l s e i n t e n s i t y values . The e f f e c t s o f t h i s problem on the i n t e n s i t y would be 
very d i f f i c u l t to es t imate . 
The nature o f the sample i s also an impor tan t c o n s i d e r a t i o n 
f o r these f a r - i n f r a r e d spec t ra . The impor tan t low frequency bands f o r s y n t h e t i c 
polymers are r a r e l y due to l a t t i c e modes as f o r c r y s t a l l i n e m a t e r i a l s , but 
o f t e n a r i s e f rom i n t e r n a l v i b r a t i o n a l modes, p a r t i c u l a r l y those o f t w i s t i n g 
and deformat ion mot ions . (228) . T e f l o n i s a p a r t i a l l y c r y s t a l l i n e polymer, 
where the 202 cm 1 band ar i ses f rom the CF^ rock ing mode i n the c r y s t a l l i n e 
regions (212) . Thus, i f the c r y s t a l l i n i t y o f the var ious t e f l o n samples v a r i e s , 
then the i n t e n s i t y o f the 202 cm 1 absorp t ion would be expected to va ry . I f 
the c r y s t a l l i n i t y f a l l s then the i n t e n s i t y w i l l f a l l due to the decreased 
c r y s t a l l i n i t y , but w i l l r i s e to a smal le r ex ten t due to the increase i n general 
background absorp t ion f rom the amorphous regions o f the sample. The l a t t e r 
absorpt ions a r i s e f rom var ious conformat ions o f the polymer u n i t , each o f 
which have t h e i r own abso rp t ions , g i v i n g broad and i n d e f i n i t e abso rp t i ons . 
T e f l o n has associated w i t h i t a f u r t h e r problem i f i t i s t o 
be used as an i n t e n s i t y s tandard , as i t can e x i s t i n more than one c r y s t a l l i n e 
form (228) . The change o f c r y s t a l l i n e form i s accomplished by a change i n 
p i t c h o f the CF^ h e l i x . The two d i f f e r e n t c r y s t a l l i n e forms correspond to d i f f -
e rent r o t a t i o n a l isomers, which w i l l presumably have d i f f e r e n t spec t r a . A 
f u r t h e r problem i s t h a t the f i l m i s u n l i k e l y to be i s o t r o p i c , and hence the 
absorp t ion i n t e n s i t y w i l l depend upon the d i r e c t i o n o f propogat ion o f the 
r a d i a t i o n i n r e l a t i o n to the axes o f the specimen. Thus the d i f f e r e n c e s i n 
i n t e n s i t y f o r the two d i f f e r e n t t e f l o n samples are e a s i l y accountable . 
Chamberlain obtained a 15 cm 1 separa t ion o f the t u r n i n g po in t s 
o f the r e f r a c t i v e index curve i n the reg ion o f the 202 cm 1 a b s o r p t i o n , which 
corresponded to a ha l f -band wid th o f 15 cm V I n t h i s work the t u r n i n g po in t s 
were found to be 9±1 cm 1 apar t f o r the 0.0083 cm sample, thus i n d i c a t i n g 
t h a t the absorpt ions o f the two samples vary g r e a t l y presumably due to the 
e f f e c t s d e t a i l e d above. 
The d i f f e r e n c e i n i n t e n s i t i e s f o r the d i s p e r s i v e and non-
d i s p e r s i v e modes, obtained i n t h i s work, f o r the same t e f l o n sample i s much 
more wor ry ing than the d i f f e r e n c e s f o r our work and t h a t o f Chamberlain. At 
present no real exp lana t ion can be o f f e r e d f o r t h i s i n t e n s i t y d i f f e r e n c e , and 
more work i s c l e a r l y necessary i n t h i s area. A value o f A. = 4 200±100 cm 
_ ? 
was obta ined using the t ransmiss ion method, and 3 400±200 cm obta ined using 
the d i s p e r s i o n method. The e f f e c t s o f c r y s t a l l i n i t y were c l e a r l y not responsibl 
f o r the i n t e n s i t y d i f f e r e n c e s here as the same sample was used f o r both sets 
o f i n t e n s i t y measurements. I n t e n s i t y d i f f e r e n c e s due to an i so t ropy o f the sampl 
cannot be e l i m i n a t e d , because no spec ia l care was taken i n o r i e n t i n g the sample 
when i t was t r a n s f e r r e d f rom the d i s p e r s i v e arm o f the i n t e r f e r o m e t e r t o the 
t ransmiss ion sample p o s i t i o n . However these e f f e c t s would be expected to be 
small and not s u f f i c i e n t t o g ive the i n t e n s i t y v a r i a t i o n necessary. I t thus 
appeared t h a t these e f f e c t s on the i n t e n s i t y were mainly due t o the methods 
o f computation o f the i n t e n s i t y , r a t h e r than to d i f f e r e n c e s i n the sample. 
8.5 Advantages and disadvantages o f i n t e n s i t y measurements f rom r e f r a c t i v e 
index de te rmina t ions 
An a l t e r n a t i v e to the c a l c u l a t i o n o f i n t e n s i t i e s f rom absorp-
t i o n curves has been sought, because o f the d i f f i c u l t i e s i n f i t t i n g a basel ine 
to the abso rp t ion p r o f i l e , as noted i n chapter 4. When absorp t ion bands are 
e i t h e r broad, or not c l e a r l y resolved f rom o ther neighbours , i . e . when the 
wings o f the band are not c l e a r l y observable , then i t i s d i f f i c u l t to f i t a 
basel ine t o the band to enable the area under the base l ine t o be determined. 
The r e f r a c t i v e index method f o r i n t e n s i t y c a l c u l a t i o n e l i m i n a t e s the necess i ty 
o f f i t t i n g a base l ine . 
The dispers ive method has the disadvantage t h a t the i n t e n s i t y 
i s not a simple f u n c t i o n o f the r e f r a c t i v e index . In f a c t a model has to be 
assumed, where the absorbing species i s approximated to a se r ies o f c l a s s i c a l 
o s c i l l a t o r s (see sec t ion 8 . 4 . 1 ) . The r e l a t i o n s h i p between r e f r a c t i v e index 
and absorp t ion i n t e n s i t y was developed through an e m p i r i c a l equat ion f rom 
the model o f the harmonic o s c i l l a r o r s . Thus the c a l c u l a t i o n o f i n t e n s i t y 
depended upon the a p p l i c a b i l i t y o f the model t o the p a r t i c u l a r s i t u a t i o n under 
c o n s i d e r a t i o n . The i n t e n s i t y o f the band i s a f u n c t i o n o f the r e f r a c t i v e 
index d i f f e r e n c e s i n the reg ion o f the i . t h band, as seen i n s ec t ion 8 . 4 . 1 . 
For over lapp ing bands a l l o f the r e f r a c t i v e index d i f f e r e n c e i n the reg ion o f 
the i . t h band i s not due t o the i . t h band. Hence, i f the experimental r e f r a c t i v e 
index d i f f e r e n c e i s used t o c a l c u l a t e the i n t e n s i t y o f the i . t h band w i t h o u t 
t a k i n g i n t o account the i n t e n s i t y o f o ther bands i n the r e g i o n , then the 
i n t e n s i t y o f the i . t h band c a l c u l a t e d w i l l be too h i g h . The s o p h i s t i c a t e d 
f i t t i n g techniques , d e t a i l e d i n s ec t i on 8 . 4 . 3 , were designed to overcome t h i s 
problem, since only the po in t s about the band centre are taken to g ive the 
i n t e n s i t y . The l i n e a r i t y o f the 6 ( v ' , v " ) agains t g ^ ( v ' , v " ) p l o t s was used as 
an i n t e r n a l t e s t to show t h a t the neighbouring bands were not c o n t r i b u t i n g 
s i g n i f i c a n t l y to the r e f r a c t i v e index d i f f e r e n c e under c o n s i d e r a t i o n . Thus 
the data was used a t g r a d u a l l y inc reas ing f requencies f rom the band c e n t r e , 
u n t i l the e f f e c t s o f neighbouring bands, causing the p l o t t o be n o n - l i n e a r , 
were f i r s t n o t i c e d . The data was then t r unca t ed . This t r u n c a t i o n technique , 
using the l i n e a r i t y o f the graph, was sometimes made d i f f i c u l t when the l i n e 
shape term was s i g n i f i c a n t , and caused lack o f l i n e a r i t y a t f requenc ies near 
the band cen t r e . For over lapp ing bands an i t e r a t i v e process f o r summation o f 
c o n t r i b u t i o n s to the r e f r a c t i v e index d i f f e r e n c e f rom i n d i v i d u a l bands w i l l 
have to be developed. 
Since the i n t e n s i t i e s measured by d i s p e r s i o n methods were 
smal le r than those measured by t r ansmiss ion measurements on the same sample, 
then i t appears t h a t ove re s t ima t ion o f band i n t e n s i t i e s , due to r e f r a c t i v e 
ind ices being a f f e c t e d by neighbouring bands, was not causing s i g n i f i c a n t 
problems i n the measurement o f i n t e n s i t i e s by the d i s p e r s i v e method. 
The d i s p e r s i v e i n t e n s i t i e s place ser ious doubts upon the accuracy o f t r a n s -
miss ion i n t e n s i t i e s , and suggested t h a t the values f o r . the l a t t e r may w e l l 
have been too l a r g e . This i n d i c a t e d t h a t the basel ine drawn f o r these bands 
was, i n f a c t , too low. This could have been caused by the p r o x i m i t y o f the 
band a t 277 cm 1 . This once again h i g h l i g h t s the d i f f i c u l t y o f basel ine 
p o s i t i o n i n g f o r t ransmiss ion i n t e n s i t y measurements. 
Thus i t appeared t h a t the d i s p e r s i v e method gave the more 
accurate i n t e n s i t y va lues , as aga ins t the t ransmiss ion method. The inaccuracy 
o f the t r ansmiss ion method was due to d i f f i c u l t y i n the p o s i t i o n i n g o f the 
base l ine . An i n i t i a l disadvantage o f the d i s p e r s i v e method was t h a t much more 
numerical c a l c u l a t i o n was necessary than f o r the t ransmiss ion method, where 
c a l c u l a t i o n o f the i n t e n s i t y f rom the area under the absorp t ion curve was 
s imple . However once a computer programme had been w r i t t e n to c a l c u l a t e 6 (v ' ,v") 
and g_j(v' ,v") f u n c t i o n s , then the i n t e n s i t y values were e a s i l y determined by 
a l e a s t squares ana lys i s f i t . The t r u n c a t i o n technique was ted ious and t i m e -
consuming i f attempted i n batch-mode, but was r e l a t i v e l y simple w i t h an 
i n t e r a c t i v e computer t e r m i n a l . 
The u n c e r t a i n t y o f the d i s p e r s i v e method (A^ = 3 400±200 cm ) 
_2 
was g rea te r than t h a t f o r the t r ansmiss ion method (A^ = 4 200±100 cm ) f o r 
the c a l c u l a t i o n o f i n t e n s i t i e s , presumably mainly due t o the grea te r degree 
o f numerical man ipu la t ion necessary i n the former technique . However, t h i s 
would be overshadowed by the d i s p e r s i v e method g i v i n g a more accurate value 
f o r the ' t r u e ' i n t e n s i t y . I t should be noted here t h a t these conclusions do 
not i n any way i n v a l i d a t e the i n t e n s i t y c a l c u l a t i o n s determined using the non-
d i s p e r s i v e mode e a r l i e r i n t h i s s tudy. This i s the case because the i n t e n s i t i e s 
were a l l c a r r i e d out using the same methods o f base l ine f i t t i n g , and hence 
they are i n t e r n a l l y c o n s i s t e n t , but perhaps are not v a l i d f o r cons ide ra t i on 
w i t h i n t e n s i t i e s f rom o ther systems as has been poin ted out e a r l i e r (see s ec t ion 
4 . 2 ) . 
CHAPTER 9 
LIQUID PHASE REFRACTIVE INDEX MEASUREMENTS 
This chapter describes the work i n v o l v e d i n the des ign , 
c o n s t r u c t i o n and development o f a c e l l f o r measuring the r e f r a c t i v e index 
spectrum o f l i q u i d s i n the f a r - i n f r a r e d . r e g i o n . 
9.1 Previous work 
Chamberlain, Gibbs and Gebbie (225) developed t h e i r modular 
i n t e r f e r o m e t e r , which was o r i g i n a l l y designed f o r absorp t ion measurements, 
f o r the^de te rmina t ion o f l i q u i d phase r e f r a c t i v e i n d i c e s . They maximised the 
energy throughput o f the modulated term of the i n t e r f e r o g r a m by c u t t i n g down 
Llie number o f boundary surfaces i n the d i s p e r s i v e arm. i n t h e i r d i s p e r s i v e 
i n t e r f e r o m e t e r the l i q u i d specimen was not placed between plane-par a l l e l 
t r ansparen t p l a t e s , but was a g r a v i t y held l aye r on the h o r i z o n t a l sur face o f 
the f i x e d m i r r o r . The specimen was separated f rom the remainder o f the evacuat-
ed i n t e r f e r o m e t e r by a t h i n vacuum window o f 'me l inex ' or po lypropy lene . 
The FS-720 i n t e r f e r o m e t e r used i n t h i s l abo ra to ry was not 
s u i t a b l e f o r such m o d i f i c a t i o n , e s p e c i a l l y i n t h a t i t was considered inadv i sab l e 
t o t u r n the ins t rument through the 90° necessary t o make the d i s p e r s i v e arm 
of the i n t e r f e r o m e t e r v e r t i c a l , hence making the m i r r o r sur face i n t h a t arm 
h o r i z o n t a l . The FS-720 i n s t rumen t , w i t h i t s heavy metal ca s ing , was designed 
f o r the 4 arms, surrounding the b e a m - s p l i t t e r module to be h o r i z o n t a l . The poss-
i b i l i t y , o f us ing a 45° m i r r o r i n the d i s p e r s i v e arm, so t h a t the plane o f the 
ins t rument , ,could be l e f t h o r i z o n t a l and y e t a h o r i z o n t a l f i x e d m i r r o r was 
cons idered , but a f t e r t a k i n g i n t o account the f u r t h e r disadvantages o f the 
f r e e l i q u i d l a y e r , was d i scoun ted . 
The g r a v i t y held l aye r could cause problems due to absorp t ion 
f rom the vapour present i n the space between the sur face o f the l i q u i d l a y e r 
and the ..vacuum window. For l i q u i d s w i t h s t rong vapour absorpt ions t h i s would 
be a serious, problem, e s p e c i a l l y when the r e s u l t i n g absorp t ion bands were 
narrow,, which .would cause d e r i v a t i v e r e f r a c t i v e index changes on top o f the 
major abso rp t i ons . These problems would n o t , however, be as ser ious as those 
encountered f o r the r a t i o e d t r a n s m i s s i o n , s p e c t r a , s ince f o r the r e f r a c t i v e 
index curves the phase value f o r sample and background are s u b t r a c t e d , r a the r 
than being r a t i o e d . Chamberlain and Gebbie (225) f i l l e d the space above the 
l i q u i d w i t h d ry a i r , which o f course became sa tura ted w i t h the vapour o f the 
l i q u i d . They maintained t h a t the l a t t e r was not g e n e r a l l y t roublesome. 
A f u r t h e r disadvantage o f the l i q u i d l aye r was t h a t each 
l i q u i d had a minimum laye r t h i c k n e s s , which i s determined by the su r face 
tens ion and v i s c o s i t y o f the l i q u i d . Thus f o r s t r o n g l y absorbing l i q u i d s the 
c a p i l l a r y l aye r th ickness may we l l cause the phase values to pass ou t s ide the 
p r i n c i p a l value range, w i t h the consequent problems, as g iven by the cond i t i ons 
of eqn. 8 . 9 . To ob t a in f u r t h e r i n d i c a t i o n s as to the v i a b i l i t y o f such a 
g r a v i t y held l i q u i d s u r f a c e , an i n t e r f e r o m e t e r has been operated i n t h i s mode 
i n t h i s l a b o r a t o r y . Some p r e l i m i n a r y r e f r a c t i v e index work has been made 
using a Chamberlain and Gebbie type cube i n t e r f e r o m e t e r on loan f rom Sal f o r d 
U n i v e r s i t y / Nat iona l Physics Labora to ry . A schematic diagram o f t h i s i n t e r -
fe rometer i s shown as f i g . 9 . 1 . 
For the l i q u i d l aye r to be p l a n e - p a r a l l e l i t was e s s e n t i a l , 
f o r such a system, t h a t the m i r r o r on which the l i q u i d was placed was e x a c t l y 
h o r i z o n t a l . With the S a l f o r d / N . P . L . modular i n t e r f e r o m e t e r t h i s adjustment 
was made by a l t e r i n g the t i l t o f the whole ins t rument by t u r n i n g l e v e l l i n g 
screws at tached to the base o f the main b e a m - s p l i t t e r cube. This proved to 
be a very d i f f i c u l t ope ra t ion w i t h the coarse p i t c h screws t h a t are necessary 
to support the weight o f the whole i n s t rumen t . The al ignment f o r a h o r i z o n t a l 
m i r r o r was obta ined as f o l l o w s . The source module was removed f rom the top 
o f the b e a m - s p l i t t e r module, and a metal r i n g w i t h c o t t o n thread c ross -wi res 
was placed i n the p o s i t i o n f o r m e r l y occupied by the l en s . A 100 W lamp was 
placed near the c ross -wires so t h a t they were b r i g h t l y i l l u m i n a t e d . A small 
q u a n t i t y o f carbon t e t r a c h l o r i d e was then i n se r t ed i n t o the c e l l so t h a t a 
t h i n l i q u i d l a y e r was formed. Carbon t e t r a c h l o r i d e was chosen because i t i s 
t ransparen t t o v i s i b l e r a d i a t i o n , has a low v i s c o s i t y , and i s v o l a t i l e , so 
t h a t i t can be e a s i l y f l u s h e d f rom the c e l l module. The t i l t o f the ins t rument 
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was then ad jus ted c a r e f u l l y , so t h a t the images o f the c ross -wires formed a t 
the m i r r o r and the l i q u i d s u r f a c e , appeared to be c o i n c i d e n t , thus i n d i c a t i n g 
t h a t the l i q u i d l aye r was p l a n e - p a r a l l e l . This adjustment was sometimes 
found to be d i f f i c u l t because, even w i t h a weakly absorbing l i q u i d , the image 
of the cross-wires f rom the m i r r o r i t s e l f was very weak. 
The o p t i c a l a l ignment f o r mutual n o r m a l i t y o f the f i x e d and 
moving m i r r o r s was made by making adjustments to the t i l t o f the moving 
m i r r o r module agains t the b e a m - s p l i t t e r module, v i a an overs ize ' 0 ' r i n g . 
Adjustments were poss ib le by means o f the b o l t s r e t a i n i n g the module agains t 
the compression o f the ' 0 ' r i n g seal between the two modules. This adjustment 
was d i f f i c u l t as the p i t c h o f the r e t a i n i n g b o l t s was very coarse, and made 
f i n e adjustments t o the o p t i c a l a l ignment almost imposs ib l e . This d i f f i c u l t y 
i n d i c a t e d t h a t any system f o r r e f r a c t i v e index measurement should have f i n e 
c a l i p e r s f o r m i r r o r movement, as i n the FS-720 i n t e r f e r o m e t e r . 
The f r e e l i q u i d sur face i n the S a l f o r d system caused f u r t h e r 
problems i n t h a t the noise l e v e l o f the recorded in t e r f e rog rams was very 
h i g h . Much lower s i g n a l - t o - n o i s e r a t i o s were obtained w i t h the S a l f o r d i n t e r -
fe rometer than f o r the FS-720. This h igh noise l e v e l was presumably caused 
by v i b r a t i o n o f the l i q u i d sur face a t a . f requency equal to the v i b r a t i o n o f 
the source modula tor . I n the design f o r a r e f r a c t i v e index c e l l i t was hoped 
to t r a p the l i q u i d l aye r between.mirror sur face and a t h i n p l a s t i c f i l m , i n 
an e f f o r t to overcome the d i f f i c u l t i e s o f the f r e e l i q u i d f i l m and the 
necessary adjustments to the o p t i c a l al ignment f o r such a f i l m . 
9.2 V i a b i l i t y t e s t s f o r the r e f r a c t i v e index c e l l 
The f o l l o w i n g t e s t s were c a r r i e d out us ing the FS-720 i n t e r -
f e rome te r , by p l ac ing var ious samples i n the f i x e d m i r r o r arm. I t was f i r s t l y 
no t i ced t h a t even very t h i n samples o f t e f l o n s i g n i f i c a n t l y reduced the depth 
o f modulat ion observed i n the asymmetric i n t e r f e r o g r a m . The q u a l i t y , Q decreased 
f rom 0.5.4 f o r . a 0.0105 cm t e f l o n sample, through 0.49 f o r a 0.0134 cm sample, 
to 0 . 3 4 . f o r a.0.0229 cm sample. The q u a n t i t y Q, as d e f i n e d by Chamberlain 
4-"|* 
(225), represents the magnitude of modulation in the interferogram, re la t i ve 
to the background l e v e l ; 
Qj =(J(0) - J 0 ) / J 0 9.1 
where J(0) is the interferogram level at the dispersed maximum 
J q is the mean interferogram level 
The contrast Cj (225) fo r an interferogram determines the s ignal- to-noise 
ra t i o in .the. computed spectrum; 
C, = J = J . 9.2 
J max mm 
where J is the interferogram level at maximum in tens i t y max 
J . i s the interferoqram level at minimum in tens i t y , mm 3 
When a 3mm piece of high density polyethylene was placed over the whole of 
the f ixed mi r ro r , then the qua l i t y of the interferogram f e l l to 0.33 and 
a contrast of 24% (with an asymmetry of 3% of the con t ras t ) . The qua l i t y 
fo r the interferogram from the empty instrument was 0.8 and the contrast 60%. 
The Grand Maximum was displaced by 27 units on the dr ive counter i . e . 0.0270 
cm by inser t ion of the 0.3 cm sample of polythene. The cal ipers of the f ixed 
mirror were then adjusted to give the maximum modulation, and a f te r adjustment 
the qua l i ty was unchanged at 0.33, but the contrast had been increased to 
25% (with the asymmmetry remaining at 3%). 
Attempts were made to compensate fo r the dispersion of the 
sample in the f ixed mirror arm, by placing a s imi la r sample in the moving 
mirror arm. The dispersed maximum now occurred w i th in 1 un i t of the dr ive from 
the posi t ion of undispersed Grand Maximum ( i . e w i th in 0.0100 cm of the o r ig ina l 
a 
pos i t i on ) . Thus the dispersion of the second window was compensating the 
dispersion of the f i r s t . The polythene samples were positioned only by use of 
p las t ic ine mounts, and hence i t was d i f f i c u l t to place the samples so that they 
were normal to the rad iat ion beam. This misalignment probably accounted fo r 
r 
the fact that the dispersed maximum posi t ion was not qui te returned to the 
posi t ion of Grand Maximum fo r the empty instrument. I n i t i a l l y the qua l i t y of 
the compensated interferogram was low, and was found to be 0.28 with a 
contrast of 19% and an asymmetry of 5%. By care fu l l y reposi t ioning the 
compensating sample, thequal i ty of the interferogram was increased to 0.44 
and the contrast to 31%, with an asymmetry of 2%, The interferogram immediately 
around the Grand Maximum was seen to be d i f f e r e n t to that obtained wi th an 
empty instrument. This was probably due to the s l i g h t d i f ference in opt ica l 
path through the two p la tes. 
An attempt was made to regain maximum modulation fo r a sample 
in the f ixed arm by compensating with a wire mesh in the moving mirror arm. 
I t was hoped that the energy in the moving mirror arm could be decreased to 
more nearly match the residual energy in the f ixed mirror arm. This hopeful ly 
would resu l t in beams of approximately equal amplitudes i n te r fe r i ng wi th a 
high degree of modulation, re la t i ve to the mean interferogram l e v e l , rather 
than a high mean level wi th l i t t l e depth of modulation, which would be expected 
to occur fo r beams of mis-matched energy. The attempt with the gr id was unsucc-
e s s f u l , presumably because the attenuation of the beam in the moving mirror 
arm was occurring by a d i f f e r e n t process with the wire mesh, than in the 
attenuation of the sample in the f ixed mirror arm due to the dispersion there. 
The gr id was simply blocking o f f some of the beam, and hence cut t ing down the 
energy in the beam, whereas the te f lon sheet was actual ly absorbing speci f ic 
regions of the rad ia t i on . 
The radiat ion beam diameter was restricted by use of a diaphragm 
with a diameter of 1 cm, which was placed at the ex i t of the source module. 
This enabled studies to be made of the rad iat ion incident at the centre of 
the mi r ro rs . This enabled pieces of polythene to be placed against the mirror 
sufaces, which ensured that they were normal to the beams. The whole of the 
rad ia t ion beam passed through both polythene samples by use of the diaphragm. 
With th i s experimental set-up the qua l i t y was 0.83 and the contrast 61%, wi th 
no observable asymmetry, fo r the interferometere wi th no sample. With the 
sample inserted the qua l i t y was 0.54 and the contrast 36% with no noticeable 
asymmetry. Similar tests were carr ied out wh i l s t not using the diaphragm to 
r e s t r i c t the diameter of the radiat ion beam. I t was found much more d i f f i c u l t 
to re t r ieve the or ig ina l interferogram q u a l i t y , and the asymmetry was never 
f u l l y removed. The best interferogram had a qua l i ty of 0.43 and a contrast 
of 34% with 4.4% asymmetry. The i n a b i l i t y to remove the asymmetry was probably 
caused by the divergence of the beam, which became more serious when the edges 
of the sample were used to disperse the rad iat ion beam. 
A 1.5 cm diameter hole was cut in one of the 0.3 cm th ick 
polythene samples, in an attempt to discover i f a small 'sample out 1 i n t e r f e r -
ogram could be obtained to give a zero path-dif ference marker on the i n t e r f e r -
ogram record. This would mean that the displacement of the dispersed maximum 
could be measured d i r e c t l y from the chart record, to enable the mean level 
of the re f rac t i ve index curve to be f ixed accurately. With the 1.5 cm hole 
positioned at the edge of the mirror the zero path-di f ference interferogram 
had a qua l i t y Q of 0.1 (J(0) = 55%, J q = 50%), which was thought to be ample 
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fo r i t s purpose. Tnus a mirror surface of about 2 cm gave a zero path-dif ference 
Grand Maximum of ample modulation to allow ca lcu la t ion of the diplacement of 
the dispersed maximum. This knowledge was u t i l i s e d in the design of the ce l l 
(see section 9 .3 ) , where a zero path-di f ference mirror was employed. 
To test fo r the v i a b i l i t y of the ra t io ing out of the l i qu id 
reta in ing window, a spectrum was recorded where a piece of 0.0134 cm te f lon 
was placed behind a sample of 0.3 cm polythene in the f ixed mirror arm. The 
ratioed absorption spectrum was computed, and, as expected, was very noisy due 
to the ra t io ing process, with very l i t t l e energy throughput. The re f rac t i ve 
index curve fo r the te f lon sample was also computed by subtract ing the phase 
values fo r the polythene background. This re f rac t i ve index curve showed a 
de f i n i t e r ise and f a l l through the te f lon absorption in the 200 cm ^ region. 
The noise level fo r the re f rac t ive index curve was lower than that fo r the 
absorption spectrum, presumably due to the subtract ion of background from 
sample in the former case, and the ra t io ing of sample by background in the 
l a t t e r case. When the energy was low the former w i l l obviously resu l t in 
higher s ignal- to-noise r a t i o s . The re f rac t i ve index curve showed an increase 
in noise level to the high frequency side of the band, and the shape of the 
re f rac t ive index feature was a l i t t l e d i f f e ren t from that of the o r ig ina l 
te f lon curves obtained with no polythene 'window'. No background (polythene) 
absorption was observed in th i s region (200-300 cm ^ ) , and so the change in 
re f rac t i ve index curve shape was not due d i r e c t l y to the polythene absorpt ion. 
The half-band width of the te f lon absorption seemed to be increased when the 
re f rac t i ve index curve was recorded with a polythene window. The polythene 
must have been a f fec t ing the l i g h t rays in such a way that the phase changes 
recorded were not only due to the dispersive propert ies of the sample. Possibly 
mul t ip le re f lec t ions were taking place, both in the polythene window and in 
the a i r gap between the polythene and the t e f l o n . 
0.0134 cm te f lon re f rac t i ve index curves were also recorded 
behind 0.076 cm polythene 'windows'. The qua l i t y of the re f rac t ive index 
curves did not great ly increase, suggesting that the thickness of the polythene 
window did not a f fec t the modulation depth in the interferograms s i g n i f i c a n t l y . 
I t was considered possible that re f l ec t i on from the f ron t surface of the 
polythene could be causing the loss of modulation. The percentage of incident 
radiat ion which is re f lected R for a material of re f rac t i ve index n^  in a 
medium of re f rac t i ve index n^ can be calculated from (229); 
R = ( ( n 2 - n 1 ) / n 2 + n 1 ) 2 9.3 
For polythene n^  = 1.51 and fo r a vacuum n^ = 1 . Thus 4% of the incident 
radiat ion would be expected to be ref lected wh i l s t 96% would be t ransmi t ted. 
I t thus seemed un l i ke ly that the 4% of re f lected rad iat ion was causing the 
degradation of the interferogram. 
As the interferograms fo r tetrabromoethane (213) showed a 
very strong re f l ec t i on peak, and the re f l ec t i on fo r tetrabromoethane was c a l -
culated as only 6% from eqn. 9.3, then i t appeared that the small percentage 
loss due to re f l ec t i on may we 1 have caused some of the degradation of our 
te f lon in ter ferograms. l t was decided that we should search fo r the re f l ec t i on 
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peak from the f ron t surface of a polythene sample. This interferogram maximum 
would occur when the moving mirror and the f ron t surface of the sample were 
equidistant from the beam-spl i t ter . No such peak could be found a f te r repeat-
ed searches. This was considered to be due to the poor opt ical qua l i t y of 
the surface of the polythene sample, ind icat ing that the surface was not as 
f l a t as that of a l i qu id layer . S imi lar ly no re f l ec t i on peak could be detected 
for a 0.0134 cm sample. This indicated that the samples used for the in tens i t y 
work described in chapter 8 were not of s u f f i c i e n t l y high opt ica l qua l i t y 
to remove boundary ef fects between d i f f e r e n t samples, and in fac t d i f f e r e n t 
or ientat ions of the same sample. 
As much ref lected l i g h t in the v i s i b le region was observed 
wi th the polythene samples in the interferometer beam, then i t was concluded 
that much of the incident radiat ion was being scattered rather than re f l ec ted , 
and that th is fac tor alone probably accounted fo r the degradadtion of the 
interferograms. 
As expected, measurements of expanded chart interferograms 
for the te f lon wi th polythene sample showed that the displacement of the 
dispersed maximum from zero path-dif ference was equal to the sum of the 
displacement of the dispersed maxima fo r the te f lon and polythene s ing ly . 
xpolythene + te f lon = xpolythene + x t e f l o n 9 , 4 
Thus for a ce l l arrangement, where a l i qu i d layer is contained by a window, 
then x , . . , can be calculated once x . , , . J 4. • , i x 4. 1Iquid window has been determined fo r a separate 
determination fo r an empty c e l l . For a ce l l window of thickness, t and 
re f rac t i ve index n w containing a l i qu id sample of thickness, d and re f rac t i ve 
index n-j, then fo r an empty c e l l ; 
x = x + x 9 5 empty ce l l window a i r 
and since x = 2 ( n - l ) t 
then x . n = Z(n - l ) t + 2(n . -1)d 9.6 empty ce l l x w ' a i r 
i f n • i s taken as 1 then; 
x . „ = 2(n - l ) t 9.7 empty ce l l v w ' 
with a f u l l c e l l ; 
x f u l l ce l l ~ xwindow + X l i q u i d 
= 2(n - l ) t + 2 (n , - l ) d 9.8 
x w I 
Thus X n . • I = X — 1 1 n - X . n 9.9 l i qu id f u l l ce l l empty ce l l 
The thickness of the l i qu id layer , d could be calculated from an interference 
pattern fo r an empty c e l l , or wi th a micrometer screw gauge to measure the 
thickness of the spacer used to determine the thickness of the l i qu i d sample. 
Polypropylene seemed to be a sui table choice for the window 
material on opt ical considerat ions, because a 0.0010 cm th ick sample showed no 
re f rac t i ve index changes in the region 40 - 400 cm \ With such a th in sample 
only one interferogram was detectable, ind icat ing that the dispersive and 
non-dispersive interferograms were superimposed. Thus the mean level of 
re f rac t i ve index could not be calculated fo r such a th in sample. 
These tests indicated that a ce l l could be designed to enable 
the re f rac t i ve index of a l i qu i d to be measured. The ce l l would involve a 
ver t i ca l sample of the l i qu id held between a f ixed mirror surface and a th in 
f i l m of transparent material such as polypropylene. The tests have shown that 
i t should be possible to remove the background phase of the window material 
from the Dase obtained from the interferograms. I t has also been shown that 
the displacement of the Grand Maximum for the l i qu i d sample can be calculated 
from that fo r the whole c e l l . A method of ca lcu lat ing the displacement via 
a 'sample out ' zero path-dif ference marker has also been discussed. 
9.3 Design and construction of the l i qu i d re f rac t i ve index ce l l 
The main concern in th is design of the re f rac t i ve index module 
was that i t should be easi ly interchangeable with the standard f ixed mirror 
mounting block of the FS-720 interferometer. This would make the FS-720 system 
easi ly interchangeable from transmission to re f rac t i ve index measurements. 
The ce l l was thus designed to f i t in to the ex is t ing c i r cu la r mounting in 
in the beam-spl i t ter module, using the ex is t ing bo l t holes. The vacuum seal , 
necessary to allow the instrument to be evacuated but yet allow the re f rac t ive 
index ce l l i t s e l f to be at atmospheric pressure, was to be designed as an 
integral but separate part of the module. This allowed the ce l l to be removed 
from the interferometer without the remainder of the instrument having to be 
returned to atmospheric pressure. 
The size of the mirror was required to be at a maximum to 
maximise the energy throughput. Thus the ce l l was to be designed to have the 
same dimensions as the or ig ina l mi r ror . I t has already been shown that the 
2 
zero path-di f ference mirror should have an area of 2 cm to give a c lear ly 
observable Grand Maximum in the reference spectrum. This area could be taken 
near the circumference of the mi r ro r , as in the tes ts . The mirror surface fo r 
the ce l l i t s e l f was designed to be c i r cu la r to give the maximum possible 
area for given dimensions, and to be o f f se t from the centre of the i n t e r f e r -
ometer beam. The layout of the mirror surfaces can be seen from f i g . 9.2, 
which shows the layout of the two mirrors A and B re la t i ve to the ce l l top 
window clamping r ing C, and the screen for blanking o f f the reference mirror 
D, in the re f rac t i ve index module casing E. The main mirror surface has a 
2 
diameter of 5.2 cm, giving an area of about 27 cm , as opposed to the o r ig ina l 
2 
mirror diameter of 7.7 cm, giv ing an area of about 47 cm . The mirror surfaces 
were to be lapped and polished together to ensure that the reference mirror 
gave a true reading. The mirror surfaces needed to be non-corrosive fo r the 
various l iqu ids used, and to have high r e f l e c t i v i t y , which would not be 
affected by ' p i t t i n g ' due to reaction with any of the l i q u i d s . Gold was the 
obvious choice fo r mirror surface on grounds of non-react iv i ty and r e f l e c t i v i t y 
The surface of the mirror was a layer of chromium on the glass base to give 
a hard surface which could be highly pol ished. The chromium layer was then 
flashed with a very th in layer of go ld , which acted as an anchor fo r the 
deposit of a s l i g h t l y th icker layer of gold by e l ec t ro l ys i s . This was then 
very care fu l l y polished to give the f i n a l surface. 
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To allow for easy alignment of the re f rac t i ve index c e l l , the 
mirror mounting was supported on two cal iper adjustments with coarse and f ine 
screws, as fo r the or ig ina l f ixed mi r ror . These cal ipers were at the back of 
the c e l l , and were easi ly adjustable even when the interferometer was 
evacuated, since the ce l l i t s e l f was at atmospheric pressure. 
9.3.1 Vacuum window 
The vacuum window was designed to f i t ac ross the access port 
to the beam-spl i t ter module. The vacuum window was to be made of the thinnest 
possible beam-spl i t ter material which could sustain the vacuum without burs t ing. 
I t was envisaged that a gr id would be necessary to support the vacuum window, 
and prevent too much bulging and subsequent rupture. Thus some sort of clamping 
system was necessary to hold the window material in place. The or ig ina l design 
for the window support i s shown in f i g . 9.3. In th is design the f i l m was held 
in the r ight-angled re ta in ing r ing by a t i g h t l y stretched ' 0 ' r ing 0. The 
f i l m reta in ing r ing was tightened against the ce l l support r ing C by 4 small 
screws. When these were tightened then the ' 0 ' r ing seal was compressed, thus 
gripping the f i l m more t i g h t l y . The f i l m was to be supported on a wire gr id 
on a c i r cu la r r i ng . The r ing was to support the force on i t by the wires being 
pressed up against the interferometer casing. The pressure of the vacuum caused 
the f i l m to buckle as expected, but the wire gr id was unable to withstand 
the pressure and the glue seal between the r ing and the 0.02 cm diameter gr id 
wires sheared, and the vacuum window gave way. The g r id was then redesigned, 
and made much more subs tan t ia l . A c i r cu la r r ing was d r i l l e d and s lo t ted to take 
the gr id wi res, which were increased to 0.05 cm diameter. The wires were then 
soldered into the r i n g , to make a much more r i g i d assembly than the o r i g i n a l . 
However, th is design s t i l l proved inadequate because the 
vacuum in the interferomter could only be maintained at 0.10 Torr, whereas fo r 
the transmission work wi th the normal interferometer the pressure could be 
maintained at 0.01 Torr. Great care had to be taken when the instrument was 
being pumped down as the melinex f i l m tended to pul l through the f i l m reta in ing 
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r ing D. Various thicknesses of f i l m material were t r i e d in the holder, and 
i t was found that the thinner f i lms retained the vacuum bet te r . This was 
presumably the case, because the ' 0 ' r ing could reta in the f l e x i b l e f i lms 
be t te r , since they had to be folded in to the r ight-angle groove of the f i l m 
reta in ing r i n g . The thinnest f i l m could not be used without burst ing was the 
50 gauge f i l m , since the 25 gauge material burst i f the pumping down operation 
was not taken very ca re fu l l y . 
Attempts were made to s t ick the f i lms to the f l a t surface 
of the f i l m reta in ing r i n g . As both the surface of the r ing and the f i l m were 
very f l a t then they were both etched by scratching with a pin to assis t with 
the s t i c k i ng . 400 gauge material was used for these t es t s , since i t was possible 
to scratch the surface of th i s f i l m without tear ing . Evostick contact 
adhesive was t r i e d f i r s t l y . The f i l m was stretched in a f i lm-s t re tcher so that 
the surface could be easi ly scratched. The surface of the f i l m and the re ta in -
ing r ing were smeared with a th in layer of glue, which was then allowed to 
dry u n t i l i t was tacky. The r ing was then placed on the f i l m in the stretching 
device and pressure applied by placing a few books on the r i n g . The glue was 
then allowed to dry fo r 16 hours, and then the f i l m and r ing was care fu l l y 
cut from the remainder of the f i l m , and the assembly placed in the i n t e r f e r -
ometer. The vacuum was gradually increased and the f i l m began to bulge. This 
bulging caused the evostick bond to s t re t ch , and eventually a ridge was formed 
and leakage thus began to occur. The vacuum could only be decreased to about 
0.5 Torr with th i s system, and thus the evostick s t ick ing system was not 
su i tab le . The f a i l u r e of the evostick seemed to be due to i t s f l e x i b i l i t y . 
Ara ld i te was used as th is seemed to.be a much more r i g i d glue. Using the same 
etching and s t ick ing technique the 400 gauge f i l m was stuck to the f i l m 
reta in ing r i n g . This bond was tested in the interferometer, but sheered away 
a l l round the f i l m holder almost as soon as the vacuum pump was switched on. 
Thus the s t ick ing techniques f a i l e d . 
The f i l m holder was then redesigned as shown in f i g . 9.4. The 
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major change was that the vacuum f i l m F was now supported between an ' 0 ' 
r ing E and a c i r cu la r neoprene rubber gasket G, which were then compressed 
by the ce l l housing r ing H, which is bolted to the interferometer casing A. 
In th is system the ' 0 ' r ing was of harder material than the neoprene gasket, 
and. so when the system was tightened the ' 0 ' r ing compressed the gasket and 
formed a groove in th is gasket to make a so l id seal which would hopeful ly 
hold the f i l m very t i g h t l y . With th is design as the vacuum inside the i n t e r f e r -
ometer increased then the gr id support r ing D was compressed towards the i n t e r -
ferometer, which made the seal more e f f e c t i v e . The gr id support r ing was 
shaped towards the centre so as to fo l low the contour of the stretched f i l m 
a f te r i t had been bowed under the vacuum. The f i l m support g r id was necessary 
with a 50 gauge beam-spl i t ter to prevent too great a bowing of the f i l m , which 
became almost hemispherical under the high vacuum. The gr id support of 
crossed- wires with a spacing of 1.5 cm between the wires prevented too great 
a bowing of the f i l m . I t was hoped that the series of small bowed hemispheres 
caused by the gr id would e f fec t the interferometer beam less than one large 
bowed hemisphere over the whole of the mirror surface. 
9.3.2 Refractive index ce l l construct ion 
The re f rac t i ve index ce l l was to consist of the mirror as the 
back window and a th in stretched f i l m as the f ron t window. Thus the design 
problem was to discover some system by which the stretched f i l m could be 
held t i g h t l y over the mirror surface. The system designed was that as shown 
in f i g . 9.5. The top window f i l m was held between two c i r cu la r metal rings 
C and G by means of an ' 0 ' r ing D. The ce l l spacer , to determine the path-
length of the c e l l , was placed between the lower plate G and the f i l m E, 
which was stretched using the f i l m s t re tcher . The second plate C, containing 
the ' 0 ' r ing D was placed at the other side of the f i l m , and then the 3 
reta in ing screws tightened to clamp the two rings together. The f i l m was then 
care fu l l y cut around the outside edge of the r ings . The ce l l window top plate 
A was then tightened against the two f i l m reta in ing r ings . This whole assembly 
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was then to be clamped over the mirror block and retained by 3 screws through 
from the back of the ce l l block. These 3 reta in ing screws pul led down the 
' 0 ' r ing B, which sealed the window f i l m against the spacer and the spacer 
against the mirror surface. An enlargement of the f i l m reta in ing rings is 
given in f i g . 9.6, where the key is the same as that used in f i g . 9.5. This 
f igure shows c lear ly the sealing of the f i l m against the mirror surface. 
The ce l l could be f i l l e d and flushed through two cap i l l a ry 
tubes made from t e f l o n , which was used because of i t s lack of r e a c t i v i t y . These 
tubes were connected to two holes d r i l l e d through the glass mi r ror . These 
holes were j us t inside the spacer so that the whole ce l l would be f i l l e d by 
a flow of l i qu i d through the entry and ex i t por ts . The connections between 
the glass and the te f lon tubes was a glued j o i n t in to the glass block, where 
the d r i l l e d hole was s l i g h t l y enlarged to take the diameter of the te f lon tube. 
The ends of the te f lon tube away from the ce l l had nickel luer f i t t i n g s 
attached to f i t the standard glass luers used fo r f i l l i n g the Beckman FS-01 
c e l l s . 
A f lushing port was provided in the re f rac t i ve index module, 
so that the space in the interferometer beam between the vacuum window and 
the top window of the ce l l could be purged with dry nitrogen gas. This was 
positioned so that the nitrogen flow h i t s the steel base of the mirror and 
then flowed in to the a i r space. 
9.4 Use of the re f rac t i ve index ce l l 
The ce l l was f i r s t l y tested by placing the vacuum window in 
r 
posi t ion and then pumping down the insyument ca re fu l l y . With the 25 gauge 
f i l m the f i l m was d is tor ted very badly over the metal gr id and the stretching 
was such that the interferometer could only be pumped down once using the 
same f i l m . The f i l m burst on s ta r t ing the pumping on any subsequent occa s ion. 
The 50 gauge f i l m did not d i s t o r t nearly so badly as the 25 gauge, and the 
interferometer could be pumped down repeatedly i f the pumping was done in 
a contro l led fashion. The base pressure obtained was t y p i c a l l y 0.02 Torr , 
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which was almost as good as that (0.01 Torr) in the conventional f u l l y 
enclosed interferometer. 
To test the e f fec t of the window material on the i ntensi ty 
of radiat ion in the beam the fo l lowing experiments were performed. With the 
instrument at atmospheric pressure a level of 60% on the chart recorder was 
obtained with the standard f ixed mirror in place. The f ixed mirror was then 
removed, and as expected the interferogram mean level was recorded as 31%, 
due to re f l ec t i on only being possible at the moving mir ror . A fresh 50 gauge 
f i l m was placed in the f i l m holder and clamped in to the instrument. With th is 
f i l m in place the level on the chart recorder was 45%, due to re f l ec t i on 
from the undistorted vacuum f i l m . The re f rac t i ve index ce l l wi th a 400 gauge 
top window f i l m and a 400 gauge spacer was then placed in pos i t i on , and the 
interferogram level was seen to r ise fu r ther to 54%. These f igures indicated 
that about 46% of the radiat ion in the f ixed mirror arm was re f lec ted at the 
vacuum window before i t was disturbed from i t s plane para l le l state by the 
pumping process. Presumably th is re f l ec t i on loss w i l l be increased when the 
f i l m is d is tor ted by the pumping process, and th is loss is obviously consider-
able. When the ce l l was placed in posi t ion a fur ther 9% of radiat ion v/as 
returned to the detector. This indicated that only about 4% of the rad iat ion 
in the f ixed mir ror arm was being re f lec ted at the mirror surface of the c e l l , 
i f i t was assumed that the percentage re f l ec t i on at the f i r s t mir ror surface 
was the same as that at the vacuum window, which seems l i k e l y . This indicated 
that the modulation in the interferograms obtained from the re f rac t i ve index 
ce l l would be smal l . Thus i t seemed l i k e l y that the alignment of the mirror 
would be c r i t i c a l i f any useful interferogram was to be produced. This study 
also indicated that some way of increasing the percentage of rad ia t ion in the 
f ixed mirror arm which v/as being ref lected at the ce l l mirror had to be found. 
Attempts were then i n i t i a t e d to observe interferograms using 
the re f rac t ive index ce l l in i t s present form as experimental time was becoming 
short . The method used fo r alignment of the ce l l was as detai led below. 
1. The alignment of the basic interferometer was care fu l l y checked by observing 
the interferogram with the interferometer in the symmetric mode. The methods 
of alignment were detai led in chapter 2. The source/ beam-spl i t ter / moving 
mirror alignments were a l l care fu l l y checked before the f ixed mirror block 
was removed from the instrument. 
2. The f i xed mirror block was then completely removed by taking out the 3 
long reta in ing bo l t s . The c i r cu la r r ing mounting was l ikewise removed by taking 
out the 3 short bol ts which attached i t to the beam-spl i t ter module. 
3. The vacuum seal ' 0 ' r ing (C in f i g . 9.4) was then care fu l l y greased to 
ensure a good sea l . This ' 0 ' r ing was then placed in posi t ion in i t s groove 
on the gr id support r ing D. The f i l m reta in ing ! 0 ' r ing was then greased very 
s l i g h t l y and placed in the groove on the face of the g r id support r i n g . This 
' 0 ' r ing must be only l i g h t l y greased or the vacuum f i l m was pul led through the 
g r i d . A l i t t l e grease was found to assis t with the formation of the vacuum 
sea l . A very th in layer of grease was then spread on the face of the neoprene 
rubber gasket G, and a piece of the 50 gauge melinex f i l m (20 cm x 20 cm) 
care fu l l y placed over th is gasket. The th in layer of grease was used to form 
an a t t rac t i on of the gasket fo r the f i l m thus enabling the f i l m to be positioned 
more eas i ly before the reta in ing r ing was fastened in place. 
4. The vacuum window support was then assembled and placed in posi t ion as 
fo l lows. The gr id r ing B was placed in posi t ion at the rear of the gr id 
support r ing D, which was then placed in posi t ion in the c i r cu la r aperture in 
the beam-spl i t ter module. The vacuum f i l m attached to the neoprene rubber 
gasket was then placed in posi t ion wi th the neoprene gasket outermost. The 
ce l l housing r ing H was then pressed up against the neoprene gasket, and then 
held in place by the 3 short reta in ing bolts in the o r ig ina l holes in the 
beam-spl i t ter module. These bolts were tightened gradually in turn to ensure 
that the f i l m was not cr ink led as i t was t ightened. 
5. The vacuum pump was then set in motion and the vacuum of the system 
checked before any fur ther alignments were made. 
^3. 
6. The re f rac t i ve index ce l l was then placed in pos i t i on , and clamped in 
th is posi t ion by use of the 3 flanges with small re ta in ing bo l t s . 
7. The f low of purging nitrogen was then s ta r ted , and the ce l l was then 
ready fo r use. 
9.5 Typical resul ts 
The actual tes t ing of the ce l l i t s e l f was i n i t i a t e d by 
recording interferograms fo r the empty c e l l . F i r s t l y the use of the zero 
path-dif ference mirror was tested. The re f rac t ive index ce l l was attached, 
and aligned as detai led in section 9.4. The ce l l was set up with a 400 gauge 
top window a nominally 0.1 cm spacer. The interferograms recorded with the 
reference mirror both covered and uncovered are shown in f i g . 9.7. A 50 gauge 
vacuum window was used throughout these studies. The dispersed interferogram 
of the top window, due to re f l ec t i on from the ce l l mirror is denoted by the 
l e t t e r A in the f i gu re . The zero path-dif ference interferogram from the re fer -
ence mirror is denoted by the l e t t e r B. The displacement of the Grand Maximum 
was measured as approximately 0.0160 cm, the scale being determined by marking 
the chart at 0.0080 cm in terva ls as the interferogram was recorded. The chart 
was marked every tenth time the punch operated. 
I t was soon noticed that the empty ce l l interferograms were 
fa r more complicated than might have been expected. This complexity was consid-
ered to be due to in ternal re f lec t ions w i th in the c e l l . Several empty ce l l 
interferograms were recorded to study the ef fects of these internal re f lec t ions 
on the interferograms. F ig . 9.8 shows the interferogram recorded fo r the 
re f rac t i ve index ce l l with a 400 gauge (0.010 cm) beam-spl i t ter material top 
window, and a spacer of nominally 0.1 cm thickness. The dispersed i n te r f e ro -
gram is denoted by the l e t t e r A, and the zero path-di f ference re f l ec t i on by 
the l e t t e r B. Two more interferogram signatures were c lear ly seen in th i s trace 
and are denoted by the l e t t e rs C and D in the f i gu re . The two 'ex t ra ' i n t e r f e r -
ograms occurred at path-dif ferences shorter than zero path-d i f ference. In te r -
ferogram C was thought to be due to re f l ec t i on from the bottom surface of the 
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ce l l window. Likewise interferogram D was thought to be due to re f l ec t i on at 
the top surface of the ce l l window. The inset in f igure 9.8 shows schematically 
the various re f lec t ions occurring in the c e l l . A phase change of TT radians 
would be expected where re f l ec t i on occurred at a boundary surface from a less 
op t i ca l l y dense medium to a more op t i ca l l y dense medium. Thus a phase change 
of TT radians would be expected fo r re f l ec t i on at the main mirror surface and 
also at the reference mi r ro r . These re f lec t ions gave r ise to the signatures A 
and B in the interferogram t race. Such a phase change would also be expected 
for re f l ec t i on at the top surface of the ce l l window fo r interferogram D. A 
phase change of TT radians would not be expected fo r re f l ec t i on at the bottom 
surface of the top window, and hence th is interferogram signature was seen to 
be inverted re la t i ve to the other 3 signatures on the chart . 
An expanded interferogram was recorded so that measurements 
of the displacement of the various interferogram signatures could be made, to 
assis t with the assignment of the interferogram signatures. The displacement 
of the dispersed interferogram was measured as 0.0153 cm, which gave x . , 
r 3 ' 3 window 
d i r ec t l y as x = 0.0153 cm. The displacement of interferogram D from zero 
path-dif ference was measured as 0.2337 cm. I f the assignments were cor rec t , 
then th is displacement would be twice the sum of the window thickness t , and 
the ce l l pathlength d. Thus 2 (d+t.) = 0.2337, i . e . d+t = 0.1168 cm. The displac-
ement of interferograms C and D was measured as 0.0353 cm. This displacement 
was the sum of 2t + x , and hence 2t was calculated as 0.0200 cm, and the 
w 
window thickness as 0.0100 cm, which was correct fo r the 400 gauge material 
used. The ce l l pathlength was then calculated since d+t = 0.1168cm, giv ing 
d = 0.1068 cm for the pathlength of the c e l l , which again corresponded well 
f o r the nominal 0.1 cm spacer used. These measurements thus indicated that the 
assignments fo r the interferogram signatures were cor rect . The signatures were 
also seen to enable accurate ca lcu lat ion of the ce l l pathlength. A disadvantage 
of the many signatures was that the empty ce l l interferograms would not be 
useable as a background fo r the l i qu i d samples, and would necessitate use of 
^ 1 
l i q u i d samples of d i f f e ren t thicknesses to obtain re f rac t i ve index curves 
for l i q u i d s . 
Further empty ce l l interferograms were recorded with a 0.010 
cm f i l m as the top window and also as the ce l l spacer . ,F ig. 9.9 shows the 
interferogram obtained, f o r th is ce l l with the reference mirror covered. In 
th is case fu r ther signatures were observed due to the short pathlength of the 
c e l l . Signature A was once again the major dispersed interferogram, C the 
re f lec t ion from the lower surface of the top window, and D the re f l ec t i on 
from the top surface of the window f i l m . Measurements of the displacements of 
these signatures gave A to D as 0.0620 cm (= x +2(d+t ) ) , C to D was 0.0390 
w 
cm (= x w + 2 t ) . Thus 2d was calculated as 0.0620-0.0390, giv ing d = 0.0115 cm 
fo r the pathlength of the c e l l . A to E was measured as 0.0240 cm and so 
signature E was assigned to the f i r s t in ternal re f l ec t i on in the ce l l a i r gap, 
since 2d was determined as 0.0230 above. Signature F was assigned to a 
double pass through the top window a f te r re f l ec t i on at the mirror (as shown 
in the inset to f i g . 9 .9 ) . A to F was measured as 0.0620 cm (= x + 2t + 2d = 
• • v w 
0.0390 + 0.0230 = 0.0620 cm). Signature G was assigned to the complete double 
pass of the a i r gap and window, since F to G was measured as 0.0220 cm (2d = 
0.0230 cm). 
The re f rac t i ve index ce l l was then set up with a nominal 0.1 
cm pathlength and 0.01 cm f i l m thickness. The empty ce l l interferogram is 
shown as f i g . 9.10. The re f lec t ions are le t te red as previously, and the corres-
ponding re f lec t ions are shown in the inset . These re f lec t ions gave a pathlength 
d of 0.0993 cm, top window thickness of 0.0104 cm, and x of 0.0153 cm. (B to 
w 
A = 0.0153 cm = x , E to F = 0.0360 cm = x w + 2 t ; 2t = 0.0207 cm; t = 0.0104, 
B to E = 0.2345 cm = 2d + 2t + x ; 2d = 0.1985; d = 0.0993 cm). F ig . 9.11 
w 
shows the interferogram obtained when the re f rac t i ve index ce l l was f i l l e d with 
cyclohexane. The expanded chart of f i g . 9.12, with the reference mirror uncov-
ered, gave A to B = 0.0980 cm. A to B w i l l be x + x , , , and so 
3 w cyclohexane 
*cyclohexane c a n b e c a l c u l a t e d a s 0-0980 - 0.0153 = 0.0727 cm. The displacement 
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F IG . 9.12 
EMPTY C F L L I N T F R F E R O C R A M 
s o n 
C to D was measured as 0.0360 cm (= x + 2 t , and since x = 0.0153 then t = 
v w w 
0.0104 cm), which gave 0.0104 cm as the top window thickness, which agreed 
well with the determination from the empty c e l l . B to C was measured as 0.200 
cm (= 2d; d = 0.100), which gave the sample thickness as 0.100 cm, which 
indicated that the cyclohexane had caused s l i gh t bulging of the ce l l window, 
as the a i r gap was measured as 0.0993 cm for the empty c e l l . 
The re f rac t i ve index programme DCH0623 was then used to compute 
the re f rac t i ve index as a funct ion of frequency from the 0.100 cm of cyclo-
hexane and empty ce l l interferograms. Table 9.1 shows the re f rac t i ve index as 
a funct ion of frequency, and as expected the re f rac t i ve index showed very 
l i t t l e var ia t ion with frequency over the range studied, fo r th is non-absorbing 
cyclohexane sample. The mean re f rac t i ve index between 40 and 240 cm~^  was 
calculated as 1.4013. 
Various iriterferograms were recorded fo r chloroform, carbon 
disulphide and carbon te t rach lo r ide . Many problems were experienced with ce l l 
leakage and high s ignal- to-noise r a t i o s , and i t was found very d i f f i c u l t to 
obtain interferograms with s u f f i c i e n t modulation for any resul ts to be achieved. 
No attempts were made to couple the dispersive interferometer to the more 
sensi t ive cooled detector, but th is would be necessary to obtain good resul ts 
with the more absorbing l i qu i ds . However the small amount of work achieved 
a f te r the test ing had been completed indicated that the system could be 
successful ly used fo r the determination of re f rac t i ve index spectra fo r l iqu ids 
in the fa r - i n f ra red region. 
Table 9.1 Refractive index values fo r cyclohexane 
V 
/cm ^ 
n V 
/cm ^ 
n 
39.1 1.4007 136.7 1.4021 
44.0 1.4060 141.6 1.4006 
48.8 1.4029 146.5 1.4010 
53.7 1.4042 151.4 1.4009 
58.6 1.4010 156.3 1.4013 
63.5 1.4011 161.1 1.4012 
68.4 1.4024 166.0 1.4010 
73.2 1.4019 170.9 1.4006 
78.1 1.4035 175.8 1 .4007 
83.0 1.4012 180.7 1.4008 
87.9 1.4013 185.6 1.4010 
92.8 1.4009 190.4 1.400S 
97.7 1.4015 195.3 1.4008 
102.5 1.4026 200.2 1.3997 
107.4 1.4014 205.1 1.4013 
112.3 1.4012 210.0 1.4011 
117.2 1.4003 214.8 1.4007 
122.1 1.4009 219.7 1.4005 
127.0 1.4018 224.6 1.4003 
131.8 1.4011 229.5 1.4012 
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c K S K , = S I G N A L T f 111 I G A T E I* H f. T F E k P A T if; I S K E O J I P E C 
c = 1 FOK K A T [ P E P S ' - ' F C T ^ J M 
c = ?. FCIK r , If.'f.l c | , F A" SPF .CTP . I I ' - ' . 
c N A S S = S I G N A L T O t r j n i r . A T ; i-rw r < A T n ; E r . S P F C I P O " I S i n B E P I o r T E C 
c = I F O K A Fi SI I' A f. C E S P E C T R U M 
c = 0 F P P T F? A f:S ^ I T T »>if E 
c NOIJI" = S I G N A L T U l ! l : l [ : f . " l l . r W H A T E. A T A I S I. T S T F D 
c ( =0 F O R NOPf 'AL L 1 S I I M - ) 
c ( - 1 F O R S P I C T P A O L Y ) 
r. ( = ;: F O P F O I L P A I A L I S T T ^ G P E P P ^ - ' P O P S F A P C H I N O ) 
c N C A t n - S - I G N A L T O I N D I C A T E : I F S D E C I R A L C A R D O U T P (J T I S S E U U l R r : E > 
r ( = 0 G I V E S N O E A P O O U T P U T * . 
c ( = 1 G I V E S P A T p K D S P E P T P O P ON C A P O S ) 
c ( = 2 G I V E S S I ^ U . E S i ' l i f .T f ' i iM F N C A P T S ) 
S i * 
C NORM = SIGNAL I I ! INt) !C \ f (. if r.\-,V * fil I'lM I UN Of THE. PACK GP f.'UNO ANC 
C S i . ' ^ L T S P I C U A !S i E C U I P U ' I 
c ( = o i - ' i I P M A L i ' A 11 ci: C O O P S ) 
C (=1 H I V E S NO f1 i~i P ' 1 A L i S A T J fif! I 
c 
c 
R E A M S . 1 0 1 ) 1 ( 1 1 I i I ( l ? ) , l ( 13) ,11 [H) . I M S ) 
C M i l ) = C AY ( NO PEP 1 C. ) 
f. l( l2 )= fOr : 'TH(NUMFKIC) 
C II I 3 ) = Y E A P (NUMEP If. I 
C ! ( U I =SAPPLF TAPF P F T F R E N C F M J v n E P 
C II 1 5 ) = B A C KGP. HU.N D TAPF «<EFifRRNC6 M j * f l E « 
C 
c 
P L AD I 8 , 1 0 2 ) ( W J ! ,.1 = 3 , 6 ) 
C V ( 3 ) = S A ' ' P L E COURSE ('.Al'-i S E T T I N G 
C V( <t) =SAPPLE F I N E r . A j r . S E T T I N G 
C V ( 5 ) = BACK GROUND COURSE GAIN S F I TI KG 
C V(6 l -BACKCPOUND F I N E GAIN S E T T I N G 
C • , 
c 
PEAC<3 ,1 '»0 ) ZX 
C Z < = T I TL F OF SPEC IRA 
I M N O U T . E Q . l ) GO TO .?9 
WR1TF U> , 1 0 7 > 
w r < I T F ( 6 , l 4 0 ) ZX 
W PI Tf ((, , 10'. ) N, FS INT , FP HOC , F h E C H , ! OPIJT ,NS IG ,NAR S , KCLT ,NC APO , NCRH 
WP t TF I 6 , U 5 ) ( I I J ) , J = l I , 15 ) 
WP I T F ( 6 , 106) ( V ( J ) t J = 3 i H 
?6 I (7 )= I (7 ) M 
7 = F L 0 A T ( M ) 
H [ = 3 . 1 M 5 < 3 2 6 5 
C A L L T P P E A O I P . N C U T ) 
C READS IN BINARY OA T A E R G " TAPE 
CALL SUBDMM , Z , « , MOU T ) 
C REDUCE S , AUTOCOF F F L AT ES ,NOR;* A|. I S CS AN L A P P O O I S E S THE 1N TE P F E S OG P A^ 
J = N 7 ? - ' 
L = J 
K = N / 4 
Z = Z / 2 . 0 
CALL SUlJTMIM.NUUT I 
,('. C O O I . F Y - T O K E Y T F A f ' S i T R N A T I C N P C O f H E - ^ 
I F I N S I C E O . I ) GO TO 3 1 
I 1=3 
GO TO 133 
31 I F( I I 7 ) . GT .1 ) GO TO AO 
on 3 ^ = 1 , J 
3 n i - A ) =• A ( M ) 
C STORES BACKGPOUr.U T P A N S F C P P E 0 ELEMENTS IN A 'J H A Y 0 
GO TO 2B 
C GDFS BACK TO P I C K UP SA- 'PE TAPE AN E L I K E W I S E TRANSFORMS 
40 nn '\ 1 M = 1 , J 
<* i e < w i = A < M i 
G. STOPFS SAPPLE T F A N SF C fi P E C ELEMENTS IN ARRAY F 
00 4 7 M = 1 , J 
42 A ( P I =t ( M ) 
11"=] 
1 33 CALL SOW T I I ( 9 ) , I ( 7 ) , Z , F Si NT . F P E C L , FRF , t OPU T , M I ) , I I 1 S ) , V ( 3 ) , 
1 V ( A ) , V C } ) , V ( 6 ) , I ( U ) . 1 U ^ ) , I ( 1 3 ) , 1X ,M APS, MOUT , .MCAPf i .NORM ) 
C PLOTTING ROUTINE 
1 r ( I I , t , j ,z ) w) i n - , 3 
I F ( 1 1 . r i j . .3 ) G O T O 1 i 3 
nn A M - L , j 
V . A ( * ) = £(,•'. I 
1 1 = 2 
G O TO 1 3 1 
'.3 i^ C 4 f- = 1 , J 
U A ( * ) = F ( ' ) / 0 I " ) 
r. P A T I O E S sA••'iPI.if io * G I : : O N O 
I F I ! \ I "UT . I \E .2 ) G C Ti? , ! D ; ! 
! T F I 6 , 2 0 0 1 
W « I T F ( h, 2 0 I I ( A I M ) , - 1 , 1 1 
2 0 2 C O N T I N U E 
1 1 = 3 
G U T O 1 3 3 
1 1 3 r ! S F . T S = N$F.T S - 1 
G17 T P 1 1 
1 3 ( " . I L L E X I T 
E N D 
S U B R O U T I N K S U H D H I M , I , M , Ni'HJTl 
C • , 
C. R E D U C E S . A U T U C O R R E L A T E S , N O R M A L I S E S A f J f: A P C D I S E S T H E I NT EPFEi-tl'GPAM 
c 
I M P L I C I T hE A L * M A - H , 0 , V - Z ) , I NT E C E R * 4 < T - N , P - U ) 
c 
0 1 N F N S I C N A 2 ( 4 5 0 0 ) 
C 
C O M M O N A U 0 ' 3 6 ) , C ( < , C < ; 6 ) , M 2 C 4 f i > , 0 ( 2 0 4 8 > 
r 
I C C F O P » ' A T < l H ,I 3 , 1 X , ' PC I N T S S H C R T ' ) 
1 0 1 FUPMATI I X , l o r 1 2 . 2 ) 
1 0 2 F r K M A T I / i ^ H P F n i f F E i I N T E P F F R C G P A M 
1 0 3 F O R » ' A T ( / 5 4 H A U r r c r . ^ P k ' L A T F C I N T E P F E R C G R A M 
io<. r- I:R N.AT ( I H , ' F I N A L F A T A S F T A F T E R A C O O I S A T I O N L F N G T H = • , 1 4 ) 
10^> F M R M A T I / ' 5 ^ H N O R M A L I S E O I NT E R F F R 0 (• R AM 
1 0 6 F O R M A T ! I X , 20Fi<-. 3 ) 
lOR F O R M A T U H , 'TA I>F T O O S H O R T 8 E FI IP F M A X I M U M ' ) 
1 0 9 F O R M A T ! 1 0 , ' T A P E T C C S O C R T A F T E R f ' A X U W ) 
1 1 1 r ( ) R " A T ( I X , 1 0 F 1 2 . 6 ) ' ' • • ' . • 
1 1 3 F 0 R M A T I 1 H 0 , ' N - P C I N T E O I N T F R F E R O G R A M ' ) 
1 1 4 F I1RKAT ( I H , 2'. F 6 .1 ) 
2 0 1 F O R M A T ( I H , ' A V E R A G E = ' , V P.. 2 ) 
MM = 1 
C A L L A MX ( M M , f , J , A Is* A X ) 
T = N / ? 
L = J - T 
L L = J+T 
KK = 0 
I 7 = L 
1 F ( L . L T . U ) G t T o 1 9 
GO TO in 
1<> W R 1 TE 1 6 , 1 0 8 ) . 
L = - L 
A 1 = A I 1 ) 
L I = L H 
L 2 = L • 2 
I-I R I T F ( 6 , 1 0 0 ) L 
0 0 2 1 J = l , P 
) 
) 
) 
21 A 2 I J > = ft ( .1 I 
no 2 5 K= 1 , M 
2 fi A ( K ) = 0 . C 
DO 2 0 L L L = 1, I. 1 
2 0 A ( L LI ) = A 1 
I I. 3 = 2 
OP 2 3 K = L 2 , M 
A ( K ) = A 2 ( L L 3 ) 
2 3 L L 3 = L L 3 U 
KK = 1 
18 I F ( f . I . T . I . L ) GO T f 22 
I F ( K K . c o . i ) c o rn i ? 
G C TP, 26 
22 DO 2 4 K = , v , L L 
2 'i A ( K ) = A ( M ) 
v.'R I T F ( 6 , 1 0 9 ) 
L L 1 - L L - M 
WP. I T F ( 6 i 1 0 0 ) L L I 
I F ( KK . [-0 . 1 | (-CI TO 17 
2b 0 0 1 5 K = l , N . 
lr> A ( K ) = A ( K + L 7 I 
17 I F ( NTUT .Nfc. .?. ) GC I T 1 1 7 
WF1TF ( 6 , 1 1 3 ) 
W R I T f i t . , l l < t ) ( A ( K I , K = l , N ) 
1 1 7 A V E = 0 . 0 
DP ? 7 K = 1 i N 
27 A V F = A V F + A ( K I 
A V F = A V E / ( N M ) 
W R I T F I 6 . 2 0 1 ) A V E 
13 OP 3 K = 1 , N 
C < K ) = M K ) - A . V E 
3 C O N T I N U F 
I F ( M O U T . E G . 1 ) GO T P 5 0 
W R I T E ! ' - , 1 0 2 ) 
WP I T F [h,101) ( C I K ) , K = 1 , N ) 
5 0 C O N T I N U E 
DO 4 K = l , N 
A S U H = 0 . 0 
DO 5 KK = l ,N 
K 1 = K K + K - 1 
I F ( K l - N ) 6 , 6 , 7 
7 K l = K l - K 
6 ASilM = ASUM+C( KK ) * C ( K I ) 
5 C O N T I N U E 
A ( K ) =ASUM 
4 C O N T I N U E 
I F t N O U T . N t . ? ) GG T C 5 1 
W U I T E ( 6 , 10 3) 
W R I T f (h , 10 I I ( A ( K ) , K = L , N I 
51 C O N T I N U E 
G A L 1 A M X ( M ^ , K , . I , A M A X ) 
DO P K = 1 , N 
A | « ) = A ( K ) / A M A X 
8 COMT IMUE 
1 F ( NDIIT . N F . 2 ) GO TO 5 2 
W P I T F J 6 . 1 C 5 1 
W P I T E ( f >, I 1 1 ) { A ( K ) , K = I , M ) 
52 C O N T I N U E 
DO 10 K = I , T 
A P C 0= C CIS ( 3 . 1 4 I 5 9 3 * ( K - 1 ) / ( N - 2 ) ) •> * 2 
Si 8 
A ( K ) = A< K j * A I T D 
A ( t i - f *2 1 - A I N-K > 2 ) * . \>>m 
10 C O N T I N U E 
A ( 1 + T ) = 0 . 0 
0 C 11 K = 1 , M 
C ( K ) = G . 0 
11 C O M INI IF. 
I F ( N f U T . N E . 2 ) GO TO ' )3 
WR I T F ( 6 , I ' . 4 I N 
W R I T C < 6 , 1 G 6 ) ( A ( K ) , K - 1 , N ) 
53 C P M I N U E 
R E T U R N 
EMC 
S U f . l OU r 1,'JL A MX ( "I' . V . .) ,.A MAX !• 
C 
C S U B R O U T I N E TU LU-T E R f I Kli M A X I V N " V A L U E S 
c 
COMMON A ( 4 0 0 6 ) , G I 4C<56) , C ( 2 C 4 8 ) , C I 2 0 ^ 8 I 
C . . . . 
2 C 0 F 0 R M A T 1 3 H J = , 1 4 ) ' 
1 0 0 0 F O R M A T ( 111 , 7 I F 1 0 . 4 , 2 X 1 ) 
C 
c 
A MA X=0 
oo i K = I , V 
I F ( A ( K ) - A M A X ) 1 , 1 , 2 
2 A M A X = A ( K ) 
J = K 
1 C O N T I N U E 
W R l T E ( f t , 2 0 0 ) J 
L = - 3 
0 0 3 1 0 = 1 , 7 
K K = J + L 
C ( I C ) = A ( K K ) 
L = 1 
3 C O N T I N U E 
K F I T E {h, 1 0 0 0 I (C.( I C I , I Q - l , 7 ) ' ' . ' . ' 
P F T U P N 
END 
SU15 ROUT IMF SUBTM(MM AX , NCUT ) 
C 
f. S U B R O U T I N E I-OH TRANSFORMATION 01'- DATA TO G I V E S P E C T R A L C U T O U T 
C T H I S PR OCR At-' M A K E S U S E OF A T E C H N I Q U E C U E TO J . W . C O O L E Y AMD J . W . 
C T U K F Y ( M A T H . OF C C M P L T A T I C N , V C L 1 9 , PC, . ? <3 5 , I 9 6 5 ) . ' ' 0 0 I F I G A r I O N S TO 
C T H I S T E C H N I Q U E H A V E (IFEN' MADE SO THAT F O U P I E P E L E M E N T S O C u E C U T 
C. I N A N'OUMAL G P D F R . T I-1" A P P R O P R I A T E S I M E S AND C O S I N E S MAKE U S F OF 
C I N T E R N A L M A C H I N E S U B R O U T I N E S . FOR R E D U C T I O N GF U S 2 I N P U T P O I N T S 
0. TO 8 1 9 2 O U T P U T P O I N T S , T H E TII-1F I S ABOUT 1 M I N U T E . 
C I F T H I S D I M E N S I O N I S L S E D , T H E R E I S L I T H E R COM FOR 0 TI IF R 
f. C A L C U L A T I O N , 1-0 lr' E V E R IT CAN O P E K A T F ON T A P E S k H E P E O R I G I N A L 0 A T A 
C H A S B E E N P F E T P E A T E C ANC O U T P U T MAY A L S C PE A S E P E R A T E PR i ' lGRA M . 
r. 
D I M E N S I O N TR 1 (40<>f, ) , T 11 ( 40«5G ) , TP 2 I 2 0 4 13 ) , T I 2 ( 2 0 4 8 ) 
C. 
COMNUti TP. I , T I 1 , TP 2 , T 1 2 
C 
1 0 0 E OR MA T ( 2 6H T P A SF G P )' A I [ C C O M P L E T E D ) 
101 F O R M A T ( 4 2 H E R R O R C A U S E D BY I N V A L I D C O N T R O L p A F A ME TE « ) 
1 0 ? F O R M A T I LH , U F 1 2 . 4 ) 
1 0 4 F ft RM A T ( 2 2 H T l< A N S F OP -IF. 0 E L E M E N T S ) 
* 1 
I 10 K O K N A T t Y H I H A L F -- , 1 3 ) 
c. 
C 
C S E T T I N G I'.F ( ( ' . S T E M ' S I'HAT V.r N,',V f. I • A I'J G I D U R I N G PP. 0 0 k AM 
C NM AX = Nt lMbt^ t > T P i l p . ' T ? I f hE PROG E S SF I) = 2 
C [ h / M F U S E D 10 K F F P TKAC.K CF N 
C K I I A 1 F U S E D Til D E T E R '•' 1 N E W H E R E P A R T I A L S U " S ARE I P l.»E S T O R E D 
C LHIF IN G E A C H P A S S 
J H A l F = N M A X / 2 
I H A l F = N M A X / 2 
K I ' A L F = N M A X / ^ 
P I = 3 . I A I 5 02 613 
C C E E A P S A 3 R AY T l l R f c ' A D Y F0'< C' '!'. P L T A T 1 CN 
0 0 10 I = 1 ,NMAX 
10 T I K I ) = 0 . 0 
C C H E C K T J S E E IE N ° A S S E S H A V E K E E N MADE 
.3'. I F ( 1 H A L F ) V O ' J ,b r > , 3 ? 
C S E T T I N G OF G C N S I A M S E C R E A C H P A S S 
C W R . W I A R E T I E P E A L A NO I M A G I N A R Y P A R T S O F F X P | 2 * P I * J * K / M ' A X ) 
C. R E S P E C T I V E L Y AND = l , c AT T H E S T A R T OF E A C H P A S S 
3 7 J P = 0 . 1 , • 
W R = I . 0 
WI= ( . 0 
C I AND L A R E rill: RI A. L I N D I C E S C F THE L C C A 1 I C N S TO A ' H I C H T E E P A R T I A L 
C SUMS WOULD H E 7 R A \ S i : E P P F C I F T R I , T I 1 , TP 2 , T ] 2 n E R E O F 
C F C U A L L E N G T E . T r 2 , U 2 N E E D E D FOP. A U X I L I A R Y S T O R A G E 
0 0 HI J =1 , J H A L F 
L = I • J h A L T 
C J K = J * K AND E . E T E R M I N E S P R O P E R F R F O U E N C I E S D U R I N G P A S S 
I F ( I H A L F - I ) "J B , 3 8 , 
3B J K = I - l 
A NG = P l * F t . L A T ( J K ) / F L O / ! T ( J H A L F ) 
WR = C 0 S ( A N G ) 
W I = S I N ( A N G ) 
G C T O A a 
3 9 IMOr= I - ( I / I H A I . r I M H A l . E 
1 F ( [ M 0 D ) 9 9 9 , 4 f > , ' » l 
4 1 J K = I - I M J U - -
I F ( J K - J P ) 9 9 9 , 4 H , 4 3 
4 3 ANC.= P I » F L CAT ( JK ) / F L O A T ( J H A L F » 
J P = J K 
W P = C D S ( A N G I 
W I = S I N { A N G > . \ , ' 
C I P AMD 10 A R E THE LOG <\ T I L NS ' C F P R E V I O U S L Y CM.GUI AT ED P A R T I A L SUMS 
C S T O R E D IN r i ' l , T I 2 W H I C H A R E TO HE U S E " IN P R E S E N T P A R T I A L 
C S U M . T h E R E S U L T S A R E T E '•' P C R A P I L Y S T O R E D IN TR I , T I I , T R 2 ,1 I 2 
C D E P E N D I N G IN P E L A T [ C N C E I TP K H A L F 
<t8 I P ^ J K + | 
I 0 = I P • I H A L F 
C I AND I U ARE I N U I C F S C ' : T P 2 . T I 2 W H E R E R E S U L T S OF P A R T I A L SUMS A R E 
C S TOR F D AND C O R R E S P O N D TO I AND L R E S P E C T I V E L Y GO R 
C I L E S S THAN OR F O U M . TO K I - A I . F 
I F ( I - K H A L F ) - 3 1 , 5 1 , 5 3 
5 1 1 0 = I + K H A L F 
A R. = T F I ( I P ) 
A 1 = 1111 I P ) 
n» = T R l t | i J ) * W P . - T 1 1 ( 1 0 1 *Wt 
13 1 =TR1 ( I U ) *W 1+T 1 I I 1 C ) * W R 
TR 2 ( 1 ) - A R + I3R 
T 1 2 ( I ) = A l + H I 
TP .? I I U ) = A P - B P 
T 121 I L I ) = A I-I'. I 
CO rr VI 
C F L P T l U . R C A L C U L A T I O N S DO*" I t-X, 11 • | S P »• S S ANi: 1-CNfE v A Y It! U S E D 
c r r r T E M P O P / . F Y S T U R A C F H E R F S U I . T S C C R - E S I T M M Mi T C I A N D L 
C PE S n r c r 1 VEL Y F O R I Y , P L ' A T E R T H A N K l - A L E 
53 I I . - - I - K H A L F 
111= I L+JHAL F 
AP = T P I ( I P ) 
A I = T I 11 IP ) 
np= t P i ( i u ) * v i — T 11 ( io ) ->w I 
r U = T < J l ( l U ) * v > I + T l l l l i : ) - > v > P . 
T F I ( IL 1 = A h • b P 
T1 1 ( I L ) = A1+n 1 
T P 1( 1 U ) = A R - B R 
T i l l I U ) = A i - h I • . 
'81 CONTINUE 
C STOPFS P A R T I A L SUMS J (. S T C A I C L L A T E R ( T R 1 , T I 1 , T R. 2 , T I ?. ) I N T R I . T I I 
C IN THE PPOPEP OP C E P P R I O R TO NEXT PASS 
J J J = KHA|.F + 1 
• DO 03 1 K - J J J , JHALF 
JJMK= IK-KHAI. F 
J J PK=I K+KHAL F 
J .IP J= I K + JHALF 
T P 1 I ! K I = TP 1 U J M K ) 
T l I (1 K )=T I 1 ( J J P K ) 
TR l ( J J P J l =TP 1 I . IJPk ) 
T I L U J P J ) = T I 1 ( J. IPK ) 
TP 1 ( J J P K ) = TP 2 ( J J M K ) 
T I 1 < J J f 'K ) = T I 2 t J J M K ) 
T R 1 ( J J P K ) = T R 2 ( I K ) 
B3 T I l ( . ) . | P K ) = T I 2 ( I K ) 
C R E S F T S I HALF AS A COUNTER FOP M 
I H A L F = I H A L F / 2 
W R I T E ( 6 , 1 1 0 ) I HALF 
00 TO 34 
6 5 CONTINUE 
• I F I N O U T . E Q . l 1 C O TO 1 C 7 
GO TO 10 8 
107 W F I T F ( 6 , 1 0 C ) 
C-r. TO ISO 
1C8 W R I T E ( 6 , L 0 4 > 
. W R I T F ( 6 , 1 0 2 ) (TR 1 ( J ) , J = 1 , J H A L F ) 
W P I T E I 6 , 1 0 0 ) 
CO TCI 50 
999 WP I T E ( 6 , 101) 
50 PETORN 
END 
SI IBP OUT I N E SUl 'P T ( I ° , I 7 , I , F SI NT , F P . E Q l , F R E 0 H , I OP U T , I 14 , I 1 b , V3 , V4 , 
I V5 , V6 , I 1 1 , I 1 2 , I t 3 , ,'X , NAl'S , N C O T , NC A R E , NORM ) 
f. 
C SUBPOUTINF FOP PLOTTING OUT S P E C Y P A L DATA IN A ECPM MUCH CAN BE. 
C K E C O C M S E D AS A SfFCTPOM 
C 
I M P L I C I T P E A L * 4 I A - H , 0 , V - Z ) , 1 N T E G F. P ' 4 ( J - N , P - U ) 
C 
D I M E N S I O N AA C O C O ! , E B l - ' . C n 0 ) 
01 PENS ION H( 5 0 I , I ( L'j I , G( I ) , F ( 1 ) , V ( 1 1 ) , Z X( 20 ) 
c 
COMMON A | 40'') t ) , C I 4 C S 6 ) 
1 00 
101 
10 2 
103 
10'. 
I 05 
1 06 
107 
1 CO 
1 O'J 
i 12 
•1 13 
1 IA 
1 IS 
I 16 
I 17 
1 IB 
1 22 
1 2'. 
127 
I AO 
180 
190 
I S I 
200 
201 
AC" 
5 00 
5C3 
5 5 J 
5 56 
557 
ssa 
6 0 0 
801 
is [ or, F s r k A . \ : i > i 
= ' , IA , 5 x , < 
F O R M A T ! IM i , ' i : s v 2 o S " ' I ; T ^ A i.n I T A T I P N 
I OP(--/.r { 1 II '01 00 '• ,M. I S A r I O (• I- i- •- r. T t o ' I 
F O R M A T( UP' . , ' M)f !U F OP P f l M S T R A N S •= C P M f; C 
I E R v A L = ' , r-? . 2 , ' .•'ic'<i. o s 1 ) 
F O R M A T ( l o o , • i r.'.-i r P F R E Q U E N C Y L I M I T = ' , F 7 
I P E OUt:'.T. Y L I M I T = ' , E 7 . 2 , ' C M - I ' ) 
P O P V A T ( 1 0 0 , ' I ' l l ' l l I - ' , 1 1 1 
T A P E S ' , A A , ' A \ r • , AA ,qr-x , u , ' / • , AA I 
S A M P L E " G A I N = • , F 6 . 3 , 1 5 X , ' R A C K G R C U N C 
P AT E = ' , 1 2 , 1 X 1 2 , 1 X 1 2 ) 
N A B S = ' , I 1 , 5 X , ' N P U T = • , I 1 , 5 K , • N C A R P. = 
S A''PL IMC I NT 
, 5 X , ' LPPtP. F 
C 
C 
T P E 0 P E E IC A L R E S O L U T I O N L I M I T = 
SAMPLE SPr.CT&U" ' ) 
hACKGPOOOO SPECTRUM ' ) 
ARSCLUT!" T Q A N1 S " I T T A M C E RATIO OF 
H ^ l - A . A N EPRl.Tk HAS CCCL 'RREO. 
SAMPLE TAPE R I-1-" NO = AS) 
BACKGROUND TAPE AFP" NO 
F O R M A T ( 1 0 0 , ' 
F O R M A T ( 1 0 0 , ' 
FOP VAT( 1 0 0 , ' 
F OR MA r u i n . ' , ' 
10PH = ' , 1 1 ) 
F (7 P. M A T ( I HO i ' T F E 0 P E E I C A L R E S C L T I C N L I M I T = ' . F 5 . 2 , 
FORMAT i IM. , ' 
FORMAT(10 , ' 
FORMAT(5 50 
FORMAT!S5H 
F pi R w A T (22H 
FORMAT (2bH   C K PR 0 I . \0 TAPE JIFF NO = A5) 
FORMAT(2 IH NORMALISING FACTOR =, F 1 0 . 6 ) 
FORMAT ( 17 H PPEQ AMPLITUDE ) 
F0RMAT120M FPEO 
FORMAT I 1 70 r-PEO 
FORMAT! 1H0.20AA ) 
I 0RMA T ( 5 ( F 7 . 2 , F 1 
FORMAT(515 ) 
FOPMATOX 'OAS PONCI-EC CAUC 
FORMAT! U U , S X , ' 19 - • , 13) 
FORMAT ( 1 H , • FK cOUr:"<C Y IMPKEMHNT = 
F P R M M U M i L A R G E S T V A L UF = , F 1 0 . 6 ) 
FORMAT ( IE! , ' OAS NORMALISED ARRAY 
FORMAT(IH , I OF I 2 . A) 
FORMAT! in , ' BACKGROUND ARRAY EVER R F C U I R E C R A N H 
F 0 (i M AT ( 1 H , • SAM Pi. |.: ARRAY PVEP R F C I J I P I P R A N G E ' ) 
F 0 R V A T ( L H , ' K A T I O F O ARRAY QVEP RFQU IP EE P A N G E ' I 
FORMAT ( 1H , 1 C M 2 .A I 
FORMAT (10 , • K ='- ' , I A , I OX, ' ' Q = « , I A ) 
F O P H A T U H , ' S O U A P t - F O C T E D RAT I OF R ELEMENTS ' ) 
FORMAT(I HI ) 
OA 1 N -- • , F6 . 3 ) 
• , u , 5 x , • N 
C M - i • ) 
S AOPL E / P AC K CP 00NO . 1 
TF AN S M!T T ANCt ) 
APS0Pi3ANCF.) 
, A, 1X) ) 
oo r p u r • I 
' . F P . A I 
) 
E ' ) 
I 1 A , 
I I I , 
Z X 
I F ( 1 * . 0. E . 1 ) GO 
W P I T P ( 6 , I C O ) 
WK I TE I 6, 105) 
W R I T E ( 6 , 1 0 7 ) 
ViP, 1 TE ( 6 , 140) 
N20= IN'T( Z 1 
N20=2*N20 
WRI T E ( 6 i 10 2) 
W R I T F ( 6 , 10 3 ) 
UP I TF ( (•, 10A I 
V100=V J*VA 
V101=V5+V6 
W P I T F ( 6 , l C 6 l 
W P I T E < 6 , 1 C 8 ) 
AN20= FLOAT(N20 ) 
A N 2 = A N 2 0 / 2 . C 
AN 2 1= AM20 * F S INT 
TO 3 
115 ,1 1 A , I 15 
112 , 113 
N2G,F S I NT 
F R F C L , P R E 0 P 
I CPOT 
v i r o , v i o l 
NAIt S , NOP T ,NCARO ,N'CKM 
AN2 i • -AN21 /1 r o c . 
Mi??. - 1. 0 / A N 2 1 
W V< 1 T C; ( L. » 109 ) A!. ?_ ? 
3 I 9 = 1 H 9 
[ F(f.M.MIl .ML . ? . ) GO TO I C 0 0 
u R I T F < 6 , 2 00> I 9 
U C O CONTINUE 
[ F ( f : 0 i i r . l ; 0 . 2 ) GO TO 100 4 
wRITC16 ,001 ) 
1004 CONTINUE 
V (v ) = I 
I F ( I 9 . E 0 . M CO TO 26 
0 A T A H / I . 0 , 2 * 9 . 0 , 1 . C , 5 . C , 6 0 . 0 , 30 . 0 , 2 * 4 . 0 , 3 0 . 0 , 6 0 . C . ^ . 0 , 7 . 0 , 1 0 5 . 0 . 
13 5 . 0 , 5 . 0, 1 . 0 , 2 * 9 . 0 , I . C , 5. 0 , 3 5 . C., 105 . 0 , 7 . 0 ,6 . ) . 1 0 * . 0 ,27 . 0 ,4 . C , 8 , 0 i 
18' . . 0 , 5 6 . 0 , 2 * 7 . 0 , 5 6 . C , 8 4 . 0 , P . 0 , 4 . 0 , 2 7 . 0 , 1 0 8 . C , 6 . 0 , 1 6 . 0 , 2 * G l . O . 
1 i 2 b . 0 , 1 6 . C , 1 28 .C ' ,4 * L25 . 0 / 
K=<,1 ' 
L= I 
00 12" 0 = 2 , 5 
00 121 I X = 2 , 0 
C. ( 10 *0+ IX > = - M L . ) / H I X I 
G( U * 0 - I X) =ii l 1 + L ) / H ( K ) 
C I 3 0 * 0 * IX ) = H (2 + L ) /!•: (K ) 
C ( 3 0 * 0 - 1 X ) = - M 3+t ) / H ( K ) 
1 = 4 + L 
K = I > K 
121 CENT!NUE 
120 CONTINUE 
0 A T A 1 / 1 , 2 , 3 , 5 , 4 , 0 / 
GI = 7#FSI,NT 
G I = 5 0 0 0 . 0 / G I 
C CI I S THE I NCR E ME NT AL FRFOOEMCY FOR THE SPECTRAL ARRAY 
F l = 5 C 0 O . 0 / F S 1 N 1 
X = F R F G L / G I 
K - - INT(X) 
Y = F R E O H / G I 
Y = Y + 0 . 5 
• O - I N T l Y ) 
1 F INOUT.NE . 2 1 G O TO 1001 
W R I T E I 6 . 6 0 0 ) K,Q 
1001 CONTINUE 
C PRODUCES AN ARRAY Q-K FOR INTERPOLATION OF S P E C T R A L DATA 
Y=0 
IK = K 
L=0 
I F I N'OUT.NE . 2 1 GO 10 5 5-
GO TO 1 5 5 1 , 5 5 2 , 5 5 3 ) , 1 9 
551 W R I T E ( 6 , 5 5 G ) 
GO TO 555 
5 52 W R I T E ( 6 , 5 5 6 ) 
GO TO 555 
5 5 3 WP I T E t e . , 557 ) 
555 WRI TE 1 6 , 5 5 8 ) ( A ( M ) , M = I K , I. ) 
554 I E ( N O R M . E O . 1 ) GO TO I 3 
no 10 M = I K , | . 
I F ( A I M ) . L T . Y ) GC TC 10 
Y= A (Ml 
10 CONTINUE 
WRITE I 6 , 4 00) Y 
C CALCIJl ATES L A R G E S T AIM) ( N A R R A Y FRCM | TO L FOR NORMALISATION 
Y - 1 / V 
15 nn 11 M . - : I K , L 
11 ( 10 . r-o. 3 i nn T O s I 
A ( ) = A ( M) << Y 
01) TO 11 
51 I F ( A ( V ) | 53 , r, , ) 5 < , 
? 3 A I M ) = 0 . 0 
f.O TO 11 
54 A ( K ) = S Q R T I A ( f | ) 
11 CONTINUE 
I f f I ° . E Q . 3 ) GO TO 7 00 
utM T E (6,5c::-)) 
I F ( N P i j T . N K . 2 ) GO TO 14 
GO TP 701 
7 CD I F ( N 0 U T . N E . 2 ) GC TC I 4 
VIR I T H ( 6 ; «.00 > 
.7 CI •JIM T F ( 6 , 5 0 3 ) ( A ( M ) , J- = 1 K , L ) 
GO TO IA 
13 J F( 19 . N E . 3 ) CO TO 2 l<> 
0 0 211 M- I K , L 
1 F( A(M ) 12 I/,, 2 LA , 2 15 . . 
2 14 A ( » M = 0 . 0 
GO TO 211 
2 15 A ( M ) = SOST(A(/>M ) 
2 11 CONTINUE 
213 I F ( M O U T . N E . 2 ) GO TC 216 
WIMTF ( 6 , 8 0 0 ) 
WPI TE ( 6 , 5 0 3 ) IAIN') , f = I K , I. 1 
2 16 CUNT IMUE 
W3 I T F ( 6 , 101 ) 
14 CONTINUE 
26 GO T0( t,, 2 , 5 , t ) , I 0 
2 w r M T E ( 6 i l l 2 ) 
GO TO 300 
4 W R I T F ( 6 , 1 1 3 ) 
GO TO .100 
5 WRI TE ( 6 , t 14) 
GO TO 300 
6 WR I T F ( 6 , 1 1 5 1 
300 GO TO ( 0 , 8 ) , 19 
GO TO 48 
8 VJo I TE ( 6 , I 16) 114 
GO TO 48 
9 !F : ( NOllT. NE .2 I GO TC 1002 
WP I TF ( 6 , I 1 7) 115 
48 I F I N n i T . N E . 2 ) GO TP 1002 
W R ! T F ( 6 , 2 U i ) GI 
1002 CONTINUE 
I i ' I N C H M . E Q . t ) GO TO 303 
IF< 1 0 . F.O. 3) GO TP 3«>3 
WR I T F I 6 , I 18) Y 
3C3 I Ft 19 .NE . 3 ) GO TO 4 3 
CALL S URC OR( V 3 , V 4 , V 3 , V 6 , V ( 1) ) 
H ( C'ArtS . E O . I ) GO T P 6 3 
WFM T F 1 6 . 1 2 4 ) 
GO TP 50 
63 W P I T F . 4 6 , 1 2 7 I 
CALL SOBLHL 
GO TO 34 
43 WP I T F ( 6 , 1 2 2 t 
50 C A 1.1. S H ' U P 
3^ 1 0 * I u p u r 
fi = 3C'* I CPU I 
G ( I ) = r-l. OA T ( I I I'll I ) 
r. ( l ) = r, i / G ( u 
C Gl I S THE F R t Q I N C R F M R M ' u i M C M P L S U I T S 1 l : ICPl . i r >] 
.1.1 = 0 
D(i 6 1 M|=K. , 0 
0 " 6 2 I K = 1 , 1 I P U T 
.1.1= J J + l 
x = F L O A r ( f i i 
X= X * G 1 
I F I X . G T . F I ) CO TO 25 
C F I I S T H E A L I A S FPRCUE.NC.Y 
I F ( IK . GT • 1 ) C O TO 2 7 
F ( I ) = A 11 + f' I ) 
I" ( I )=F I I )"" V ( 7 ) 
GO TO 29 
2 7 Y = r - L C 6 T ( U » 
Y = Y - 1 
Y = Y * G ( 1 ) 
X = X + Y 
I F ( M [ . F Q . Q ) f,0 TO 3 C . 1 
C CHECKS FOP END L'F ARRAY K - 0 
Y = A I M M - C I P+ I K ) 
C = A( 1 t-M I ) * C ( P - IK ) 
Y = Y > R 
C = M 2 * M I ) » C I K M K ) 
Y = Y * E 
E = A J 3 « I ) * C ( P - I K ) 
F ( I I = Y + E 
F ( 1)= F ( 1 ) * V ( 7 ) 
29 A A ( J J | = X 
P \\l J J ) = F I L ) 
C IN T r H! F r I AT IMG C f R F F I C l R N r s C DSFO T O G I V E C.ORPFC.TEO AMPLITUDES F i l l 
f. A T THE NEW F P C Q l . R - C Y INTERVAL G i l ) 
6 2 C O N T I M U E 
61 CONTINUE 
3 5 1 Q O = 0 - K 
UO=CO-'IOPUT ' 
I F ( I 9 . E C . 3 ) C O T O 2 3 
G O T O 2 5 
2 8 I F I N A b S . f c U . I ) G 0 TO 6' -
G O T O 2 5 • 
6'» CALL SURGI'L ( A , llf.i , I 9 , M C ARH ,NOL T . C O ) 
GO T O 3 5 0 
2 5 C M . |. SUBOI'I A A . h f U I 1 ' ' , NC API.l , NCUT ,QQ) 
3 5 0 UP I T F | 6 , I S O ) 0 , K , ( ; 0 , I . ' ) P U T 
I F (f>;C AKD . L: C . 0 ) GO T C 3 5 
GO TO ( 3 0 1 , < 0 2 ) i C A R[1 
3 0 1 I F ( j o . E Q . 3 ) GO T U 3 0 2 
G O T C 3 5 
3 0 2 WR I TE ( 7 , 1IJS) I A A ( J . I ) ,1 Is ( J J ) , J . J = 1 ,'1Q) 
W R I T F | 7 i I l i ? ) 
1 9 2 F O R M A T ! I N C ) 
1^' R I T F ( 6 , 1 9 1 ) 
3 5 F E T U P N 
r-rio 
SOHROIJT INIE SUHLPl 
0. M'.SQ!- [<A'' .CE f>P ! C 1 '•' UM r • I V 
c 
L)! f K h S 1 f; N C t-' / M 1 : 1 ) , •< MJ N t I 1 ) 
c 
D A T A ITT i I) I v / 1 I - . i I h • / ' 
D A T A XNUM/O.O - - i . 2 5 • 'J ' - ,r- .7 5 i 1 . ' . I • i' 5 i I . 5 0, I . 7 5 , 2 . 0 0 , 2 . 2 5 , 2 . 5 0 / 
c 
1 00 FCRf-'AT ( IH , 1 7A , 101 A 1 ) 
101 F o IJ M A T ( 1 6 x , i- A . 2 , l'.: ( n <, r > . . 2 ) ) 
c 
c 
U P I T F t 6 . 1 0 1 1 XMJM 
[10 0 0 K = 1 , 10 I 
90 CHAR I * ) = DOT 
DO 1 2 = 1 , 2 1 
I K - 1 
I K = [ K • 5 * ( 1 Z - U 
<31 C H A R ( 1 K ) = i) I V 
WW I T f ( 6 , 100) CHAP 
RETURN 
. Er;o 
SUBPnilT I M F SUI-. C P I. [ X , Y , I , ML AR D , f 'OU T , MM 6 ) 
c 
C AHSOPBANCE SPLCTRUN P I C T 
C 
0 1 KENS I C N CHAP( 10 1 ) 
U1 PENSION X( 1) , Y ( 1) 
C 
0 A T A U L A N K . P I O T , P l . L S / l H , 1 P . , 1 ! + / 
C 
103 F O R N ' A T ( l X , F 6 . 2 , 3 X r F 6 . < . , 2 X , 10 1 A 1 ) 
C 
c 
On 10 L = l , M M 6 
Y < L ) = 1 . 0 / Y ( l ) 
Y (I. )=ALOG( Y( I. ) ) 
I H N r i J T . l ' U . l ) CO TC 105 
- 00 1 ? K = 2 , 1 0 1 
02 C H A P ( K ) = e L A N K 
C H A P I 1 ) = P L U S 
1 = < I Y ( L ) * ' i 0 ) « 0 . 5 ) 
I F ( I . G T . I O O ) GO TO ) 
IF< I . L T . L ) GO TO 5 
GO TO 4 
3 1=101 
GO TO 4 
5 1 = 2 
4 CHAR I I l -Pt .OT 
WB 1 TF. ( 6 , 103) X( I. i , Y (L ) .CHAP 
105 CCNT [N'U6 
10 CONTINUE 
11 PETURM 
EMD 
SOP.kOUT I NE T J ' K F . AO ( f , NCUT I 
C. 
C T - A P F READ SUBRCJUT I N (-: 
c 
DIMENSION A( 40 C .M 
C 
CO MKTN A 
S2b 
c 
i F O R M A T M h . 2 1 ' f o . O ) 
<V t" 110 MA T ( 1 Hi: , ' HAT.'', i ki ." TAPE • ) 
100 f O R K A T ( 2 J F ' , , 0 ) 
102 rnwvAT i i o n I \L n r O A T A P C I N T S - - , K I 
c 
c 
I =1 
10 K = I • 1 9 
R F A C ( 5 , 1 0 0 ) ( A ( J ) , J - I , K » 
rm s o j = I , K 
H - ( A ( . J I ) 2 0 , 5 0 , SO 
50 CCNTIMIC 
1 -1+20 
no T O LO 
; 2 0 f = J " l 
' ' 21 WRI TE(<S, 102 ) (•' 
I F I N O U T . U L . 2 ) G O TO I 
W R I T F (6 ,4 ) 
W H ! H ; ( 6 , 3) I A ( K ) , K = 1 , v j 
'I CONTINUE 
R (1 TURN 
E N O 
SlIUROUT INC SUOI.P 
c 
C TRANSMISSION SPECTRUM S E I - U P 
C 
O I P F N S I C N C H ^ i m n ) , : < M J M I i ) 
c 
H A T A C O T , O l V / I F . , I F »/ 
RATA XNUM/O. C t 0 . I ,C- . 2 i ? . 3 i C . ' t , 0 . S ,0 . fa t 0 . / , 0 .0 i 0 .9 , I . 0 / 
c 
1 CO FTP.V AT ( 1H , I 7X , 10 I A I ) 
101 F O R M A T ! 1 7 X . F 3 . I , 10 I 7X , F H . I ) ) 
C 
c 
W R I T E ( 6 , l C l ) X M J M 
00 90 K- 11 10 I . 
90 C H A R ( K ) = D U T 
0 0 91 I Z = 1 , 2 1 
1 K = I 
I K = I K + 5 * I I Z - 1 ) 
91 CHAP( 1 K ) - D 1 V 
V.'R IT E l 6 , 1 0 0 ) CHAR 
RE TURN 
END 
SUBROUTINE S U h G f M X , Y , I <5 , NC A R 0 , MOU T , '•' M 6 > 
C 
C TRANSMISSION SI' FC !' K11 '•* P I C T 
C 
n i f ' -FNSICN X( 1 ) , Y ( 1 ) 
0 IMFNS ION C H A P ( 1 0 2 ) 
c 
DATA E L A N K , P t O T , P L l 5 / I F , 1 F * , I H + / 
C 
1 03 FORMAT IF7 .2 , 2X , F<> , 3X , 102A1 ) 
C 
c 
00 10 1=1,MM6 
D O 9 ? K = 2 , 1 0 2 
12 C.HAk ( K. ) - iH. A . ' iK 
r.H AK ( i ) - P L U S 
I - I t Y 11 ) ) *• 1 0 0 ) • 1 . C-
i F ( i . r , T . i u o ) c.ii ri) :\ 
l F ( i . i r . i ) r, c r n •j 
GO TO 4 
3 1=102 
no TO 4 
5 1=1 
4 C H A P ( I M P L C T 
WP I T F ( 6 , 103) X ( L ) t Y ( L ) , C H A R 
10 C O N T I N U E 
1 C 5 C O N T I N U E 
K F riJPN 
E N C 
S U H P C U T I N F S OiiCC P i V 3 , \- H . V5 , V6 , V7 ) ' 
C 
C G A I N C O R R E C T I O N C A L C U L A T I O N 
C 
101 F O R M A T ! 1H , ' G A I N C O R R E C T I O N F AC. ( O R = • , T 1 2 . A > 
C . 
C 
G S A M - - V 3 f V 4 * 10 . C 
G R K G = V r - > + V b * 1 0 . 0 
O G A I r = G S A N - G H K G 
I F ( T C A I N ) 5 , 7 , 7 
5 D G A J N = - C G A I N 
7 V P = D G 4 I N / 2 0 . f 
VP = v P * 2 . 3 0 2 5 f51 
V P = F X P ( V P ) 
V7= 1 . n / V P 
WP I T F ( 6 , 10 1 ) V7 
ME T U R N 
E NO 
sag 
A1.2 D i s p e r s i v e F o u r i e r t r a n s f o r m a t i o n programme 
c 
c 
c 
C FOURIER TKANSFQFf- ' /T i f N P P 0 A v F f- f f E I T H E R N C N - T 1 S p F R S I V !•" 'V-1 
C C I S P E R S I V f c I N T F R F E K r - ~ . " V - t S . 
C THE I C 7 F PF I RCf.R A ^ S A R E :•• A r E ! f AI. RY "U-E U S E CF A PH.'SE 
C FRRFIP f. ALCUL ATI CN A NO TIOiSE P F A J f VALUES CAN PF_ R F C. V E P E F 
C F O R T F E C I S P E R S I V E I'! T E -'. P F R 0 G R A K. S 
C 
c 
n j f - ' F N S I C N N W (2-C) ' • 
. Pi I N F N S I C N 9 ( 4 1 0 0 i 
- DIHF.NS ION V( 1 I ) , I ( 1 5 ) , LX ( 2." ) 
REAL *4 IAI 1 2 . K 0 ) , IC ( 1 2 C C C ) 
1C1 F C R ^ A T ( 1 4 , F 4 .1 , 2 F f . I , ! 3 , I 3 , I 4 , 1J! 3 : ! ) 
102 FORMAT ( 1H , I 4 , F'». . 1., 2 F ( . . 2 , ! 3 , I 3 . I 3 , 2 ! 3 , U ) -
120 FORMAT(20 I 4) 
1 4 0 F C ^ ' A T ( 2 0 A 4 ) 
141 FORMAT ( J I 2 , 3XA4 , ] X A . , ) 
142 F O R M A T ( 4 F t . 3 ) 
151 F C R " A T ( 3 I 2 ) 
2 1 2 F O R M A T ( 6 I 2 » 
9 9 8 P F A C ( 9 » 2 1 2 t E M ) = 9 ' , Q ) NCA- 'O, K'C.T , NC>." R , MOPP , f - P C S 0 , N R E A D 
C NCARD= INTEGER C F C I r ! ( ^ r w h £ T M - R CAUf: O U T P U T I f p n p r i i c F p 
C =0 G I V E S CAR 0 r C ' T D C T 
c = i r , i v E S N C C A t - r a . T P L T 
C NOUT M N T E G b k I.'Ef I U ! N-3 M- F1 c F ^ CAFE CU f P U T O e P A T I C E C SPECTRUM I S PPOFl.'CFD 
C =0 G I V E S L I N E PRINTER. P ' . L i CARO 01. 1P L T I F NCARO=0 
C = 1 G I V E S CAPE r o T p i j i r i . i ,• 
C KC.OP = 1 PRODUCES A SPFCTRL. '" C T - R E C T E n H C R C A I N S E' T T l K 0 S 
C NORM = INTEGER LCf. ( O I ^ G K F F T H F P NX P. M L 1 S A T ION I S CA«P<FU OUT 
C = C NC NCKkAL I S T I CM 
C ( = I G I V E S Nf P P Ai I S A T i rNJ 
C N P C R 0=1 G I V E S CART + L I N . - P ' . I " 1 [• R OUTPUT FOR PHASE 
C =r G I V E S L I N E PRINTER CNL* 
c N R E A C = O n r .es N O T R E A D E X T R A D A T A C A » O 
C =1 RFADS EXTRA C - U A CAPO 
1 F I NRE A D - I ) I f:6, I c * , I 5 u 
155 P F A C ( 3 , 1 5 H N INT , r,i P H A S , N 0 S P T C. 
156 R E A C ( I . L O l ) N,S1 . C L C W . F F ! M , i s ; , J q , N,? , I P , ] AP 
C N = N L M n E R OF P C I N ' S 
C S I - SAMPLING INTER' . 'AL I N >' ! (" R C \-S 
C Fl .Ow* LOWER FRF GUI'-M V I. 1 T ! N 1 R. C I P R C r AL f r- tvi F. T » F S 
C FH I GH= UPPER F R h O U F K C V I. T- ! T I N ="! f. I - - C •". A L C F N 1 I "'. r. T R F S 
C 1 9 = INTEGER C O S T A N H P E T u •'• M I ' I N '.' C F POINTS PEP R E S'M. U ^ 1 C N f 1 - E C L V ) 
C 1 6 = riUMBt" U F TAPES TO R E i-. if. P. S < P C ( I H - - 1 r i i : S ! N G L C T A P E , = ' ! r-rp " A T I C ) 
C N 2 = N U ^ P E R O F P C ! N T S T t" >> F U 1 E.: If: o T E R IN A T T C ' ! OR P H A S E r ^ ^ n \ r K F U NT. T I T N 
C. iP = 0 C C - ' P U T M If.-K f F SI i'CTr-M.:: F ^ O ' C N F - S I Of C I f q N C I T c ^ ' j C f r ^ 
c \° = i C O M P U T A T K W , c.r- s C , F : r . T Ri j . ' ' r-wc ••» n m i f u . r - * I O F P ( 0 O - E P ) T R A N S F E R M 
C IAP = 0 TK A N S F O f ^ ' T 1 CO CCCURS V-MTFruT A P P nEH S A T I (. V 
C I A P = 1 I P A N S F O t . V A T J rr- C " AT T C P . I c f [; i f, f r c f F :rc u / |v ECCURS 
READI 3 , 1-1 I 1 I (11 ) , I ( IT I , I ( m , I ( 14) , I ( 15) 
C 1 1 1 1 ) = TAYINUMEF I C ) 
C 1 ( 1 2 ) = f'CNTHI NUH-^ I r ) 
C 1 ( 1 3 ) = Y E A R ( M J M E R I C ) 
C S A M P L E T , \r | : (• ,. r ~- '•• \ • r !• L> »• ~ f t «M P i ' / M ! f " - K IV ) 
C 1(15 1 = PACKGRCuiff) T A I ' ! • T r F t T r C F • (IMP.'-P ( A | P H A M l ' i f P I f. ) 
0 t; A n i s , l <, 2 ) (v i J i . J = . « , *1 
f. V ( 3 ) = COURSE CAIM S F T T ) \ G F r l> SAMPLE 
C V U ) = F I N E GAIN $>fc'TTl!>G F " R ftKPLf 
C v ( 5 ) = CCUR'SE G A I N S F i T I r, G F T L P Af i f o r j N C 
C V ( 6 ) = F I N E : G A IN S E T l U n ' Er r , ,\ AC K C u C UN n 
R E A T ! « , I 401 IX 
f ZX= T i l l E OF SPEC TP I J " 
W R I T E « 6 , 1 0 2 ) N , S I , F |. nw , F F I r, H , I 9 , I P , N 2 , 1 P . I A P 
DC 17 1 7 = 1 , 1 8 
r>>N=N*( 1 7 - 1 ) 
N 1=NN7N 
MCNT=2l 
1 F ( M N T - 1) 1 5 3 / 1 5 2 , 1 5 3 
153 n.C h c = l i 6 . 1 0 O 
• l ' F ( f \ C N T . t E . 2 r I GO TC 1 0 ' 2 
- R E A r ( 5 , 1 2 U ) NW 
NCNT=1 
K " 2 IN= N K NCN T ) 
KCNT = NCNiT • I . • 
IF I IN) 2 , 2 , 1 
1 K P N 2 = * * N 2 _ . 
N* 1 = N + N N 
I A ( K 1 ) = I N 
14 CCNT1MJE 
152 E10 163 M=1 ,6C00 
1 H N X N T . L E . 2 L ) GO 10 I >> 1 
P E A C ( 8 , 1 2 0 ) *W 
NCNT=1 
U l IM=NU(N'CNT) 
NCNT=NCNT*1 
I H IN) 2 , 2 , 1 6 2 
16? f"PN2=M + N2 
M 1 = P + N N 
1 A( P\ ) =1 Ni 
163 CONTINUE 
, 2 AMAX=0.0 
L = NN* I '• ' 
L L = P*N'N 
W R I T F ( 6 , 1 2 2 I 
122 P 0 R P A T I 1 H , ' C A T A N T W \K P | . | T A P E ' ) 
WRITE ( 6 , 121 ) ( I A ( K ) , K = L , 11. ) 
121 F - C R P M d H , 2 C F 6 . 0 ) 
f.'=M- i 
AVA=0 .0 
00 31 K=1,M 
K l-K+NN 
AVA = A V A H A ( K 1 ) 
I F ( I A I K l l -AHAX ) 3 1 , 3 1 , 4 3 
43 AMAX=1A(K1) 
J = K 1 
31 ( C N T I N U E 
A V A = A V A / F l O A T(N ) 
00 3 K = l , f ' 
K1=K + NN 
3 I A ( K 1 1 = I A ( K 1 ) -A VA 
1 94 W HIT E ( 6 , 1 10) J , w , A v A 
110 FORPAT( I H l , ' ZERO P A f U L C C A TIT N I S ' , 1 6 , / ' TOTAL NO HE DATA POINTS 
1 I S ' , 1 6 , / * AVERAGE VALUE G , : IN'PLT A r< P A Y ' T F 6 . C ) 
S3o 
K ? i h' + N 
WP. I TF I 6 , I 7 l l K2 
170 FCFM4T( [5 ) 
nn t K = K 2 , 1 2 0 0 0 
I A 1 K )= 1 A ( K ? ) 
6 C C M 1 M I F 
C CHP1F.S P l D D L h L F 1 (•: T F t C O A " T f H " J V I r 
C THFRF MUST 13 E N / 2 P " I *•' 1 S r i T ! ' f S S I M F C F Z ' : - ' C P A T H 
[ M J - N / 2 
IN'=J + N'/2 
K = I + • N 
W R I T E I 6 . 1 7 1 ) 1 M , I N , K 
171 FORMAT<315» 
DO 26 J = I '•'» IN 
I C ( K ) = IA( J ) 
26 K = K + 1 
NK.= NN'+1 -
Kl J - N N + N 
00 27 J I = N K , N J 
27 I A ( J ! 1=0.0 
WR ! T f ( 6 , 171) N K , N j 
2R I M J J I = I C ( J J ) 
C l A NOU CCNTAIMS A R R A Y i. r, t M. Y - 1 N P F HOC f C F.'JR v 
WR I T F 1 6 , 1 2 5 ) 
125 FORMAT (1H , • I M E F F h-iQQPi'-' F R F FUC F C TO S I Z E R F O U i R F i : fiV M V A L U E ' ) 
WP I T E ( 6 , 1 2 1 ) ( I A U I J 1 , J J = f-K , N J ) 
C NOW F lh .nS CENTRE OF i'F 1 R IJ 's 'CA TEH A R R A Y f ,n T H A T f. F M T R E «/, Y U F CCPIEM I K T f fi 
AKAX=0 .0 
00 3 6 K = l , N 
K l = K + \rv 
1 F ( 1 t. ( K I I -Af'AX ) 3r , 36 , 3C. 
35 AMAX=IA(K1) 
J = K1 -
3 6 CONTINUE 
W P I T E ( 6 , 1 1 0 1 J 
N 3 * N 2 / 2 
DO 4 K = 1 , N 2 , 1 
.. . K K = . J - N 3 « - K - l . 
B< M =141KK) • 
<V CONTINUE 
C A l l S L ! n R t h f N 3 ) 
W R I T F U . 5 ) 
5 FOR S'AT ( 1H . ' F A T A l,S!iD ' i N C r R R C C l ICN F l j N . C T I C N ' ) . . . . . 
WRIT F ( 6 , 8 ) ( B ( K I , F = 1 , N 2 , 1 I 
8 FORMAT! LH , R F H . M 
I F ( N R H A S . G T . 0 ) GO TO 1 ? 7 
C A L L PHASF2( f , N ? , M , f ; F r r [ ) 
GO TP 198 
197 C A L I P F A S E 3 I E,N«.'. fM . N F C ^ r ) 
158 l F ( N O S P E C . E O . l ) G n TO r ^ 9 
I F S E T = - 1 
CALL F F T ( R . M 1 , I F S E T I 
CALL S L 111E t h t N13 ) 
R N = N 3 / 4 . 0 
DO 12 K = 1 , N 2 , 1 
K K = K - < N'i+ 1 ) 
RKK=KK 
Z = F X P { - 0 . 5 * ( ( F K K / P | > . ) * * 2 ) ) 
B ( K ) = B ( K ) * Z 
12 C C N T I M J E 
W R I T E ( 6 , 2 2 ) 
22 F 0 R K 4 T H H , 1 10 * R F C T IC F L f l f l I C ' f . ' I 
U R ! T F ( t > . 3 ) ( M K l , K = l , r v 2 , I I 
CALt CCNVOL t IA ( l \ , N , r 2 i N M 
A M A X = 0 . 0 
OP 16 K = 1,N 
K1=K+\N 
1 F ( K . G T . J I A I K 1 1 = C . 0 
I F ( I A ( K l ) - A M A X ) 1 6 , 1 6 , I S 
15 A M A X = I A ( K l ) 
J = K1 
16 CONTINUE 
W R I T E ( 6 , U 0 ) J,M 
J L = J - 1 0 
J U L = J * 10 
WR1 I TF ( 6 , 8 ) ( I A ( K ) , K = J L , I LI , 1 ) 
C ALL SORT ( I A ,N', J , C N I 
WP I T F ( 6 , 1 ( 3 ) 
10? FQPK'AT ( / 2 5 H SORTf-'O I W 1 E P C F E R C G R A " . ! 
K3=l+NN 
K <.= N + NN 
VJR IT E ( 6 , H ) ( I A ( K ) , K = S . 1 , K M 
I F S E T 3 I 
J J = J - N N 
MM=2*JJ-M 
I F I ^ I 1 9 , 5 0 , 5 0 
19 M V J = N - J J 
OP ?1 K - J . ^ l J . l 
I A ( K + N N I = 0 . 0 
51 CONTINUE 
GO TP 5 3 
50 N f J = N - J J 
N JK = N +J J - f * 
OP 5 2 K = N f ' J , N J I-', 1 
I A ( K + N N ) = 0 . 0 
52 CONTINUE 
,53 CCNT-IMUE 
I F ( NN-N ) 3 8 . 1 7 . 3 R '•-
38 DC) IP K- 1 , N 
K U K + N 
18 1 A ( K l ) = 0 
1.7 CONTINUE 
I F ( 1 A P - 1 ) 7 , 1 0 , 7 
10 I T = ( ( N /2)+1 ) 
PN=N-2 
00 11 K = 2 , IT 
K K = K - K + 2 
R K = K - 1 
AFCC = C C S ( 3 . 1 4 1 5 9 < P K / R N I * * ? 
I A ( K ) = l A ( K ) f f P P D 
1 A ( K K >=[A(KK )*APOO ' 
IA . (K*N) = I A I K < N ) * A P r r . 
I A ( K K * M = l A ( K K + M*f>FCC 
11 CONTINUE 
7 RN4 = N 
DO 23 K= L , 12 , 1 
RN4 = PN<W2.0 
I F ( R N 4 . G E . 1 . 0 ) n=* 
23 CONTINUE 
f .A IL F F r i U , N ! , ] l A F | | 
CALL no PUT ( 1 A , c. I , n C-. , , i ^ , ! • . H' , IX i c C , N n i j T . N C O P , 
11 ( 1 2 ) , 1 1 1 3 » . i (14 i , ! ( i •.>). i ( 1 1 ) . v t J ) , v (•', i ,v < ' 3 ) , v t b ) , x , \ r ° - ) 
Gil TO « e 
999 C A LI E X I T 
END 
SUP.POUT 1 OPPUT ( I A , N , S I . Fl f l J I H h i I ! " i ! f i K f I T it-PUT , l : f .C° , 
1 I 12 , I 13 , I 14 , I 1 5 , I 1 1 , V i , V - , V 5 , V 6 , ? x , K O R V ) 
D l f F N S 1 C N H I V ) , ! ( l D ) . C I l ) , F ( l ) , V ( l l ) , Z X ( 2 > ) 
HI Kt'NS ION A A 14 2 CO ) , Vfi (4 100 ) 
R E A L r - 4 I A ( l ) 
KS=3 
L 3 = 2 * N 
1C7 F U P M A T d H , * NOK f L 1 S I f. C F A ; T r K= < , F 1 2 . 4 I 
1 10 FORMAT ( LOP 10 . ? ' ) 
.Llt-LF = 1 0 0 0 0 . 0 / I S I * N ) 
.Kf>'=l . 0 + F I . C W / C E L F 
M= 1 .O + F H I G H / C E I F 
W P I T F ( 6 , 1 1 9 ) w ^ ,M ,0 E L F 
119 F 0 R I - - A T ( / / 2 I 4 , F 1 0 . 4 ) 
N ? = K / 2 
DC 70 K = 2 f K 2 ,1 
K K = ( N - K + 2 » -
S AMP =( I A ( K ) » 1A (KK ) I 12 . 0 
PiKF I = ( U ( K ) - l A i K K ) ) / 2 . 0 
p> K r F = ( i a ( K + M * : A ( K < • M ) / ? . •: 
S A " l = ( I A ( K + N ) - I A ( K i ' < N ) 1 / 2 . 0 
I A ( K ) = S A f R 
IAJKK ) = SAM1 
I A(K + N ) = B K O k 
I A( KK + M =BKP1 
70 CONTINUE 
OC ° K = l , K 2 , 1 
VK=K2+K 
I A I KK ) = I A(KK 4 1 1 
I A I KK + M = I A ( KK *N * I ) 
I F ( K - N 2 ) 8 , S , 8 
' 9 I A | KK ) = 0 . 0 . . 
I A(KK +N)=0 .0 
8 CONTINUE 
DO 3 J 2 = l , 18 
MN = N * I J 2 - 1 ) 
S A ^ A X R = J . C 
SAM INP = 0 . 0 
S A V A X I = 0 . 0 
S A K I N I = 0 . 0 
DO 4 K=l , N 2 , 1 
K K = K - K + 1 
SAK-P= l A I K + N O ) 
S A * 1 = I A ( K K + N M 
I F ( SAP P-SAMAXR ) ( .; , f 6 | 
61 S A C AXP. = S AMR 
I P 1 = K 
60 I F ( S A M P - S A M I f> P ) h 2 , H , r i 
62 SAMINP = SAM.P 
I P 2 = K 
£3 f F ( SAMT-SAMAM ) ^ , 6 4 , * 5 
65 SAKAXI=SAMI 
I P 3 - K 
64 I F ( SAM I -SAM I M I t r , ' . , ' 
66 S A P I M = S A P I 
I P4 = K 
4 CCNTINUE 
K F I T E ( 6 , l l l > S A ^ A X R , S Al-1 I , S A---.1X ! , S A ' M N 1 
111 F 0 P '•' A T ( 1M . ' C D S MA x - » , P l . 2 , ' C C ? V lr, = • , F 1 •. . > , ' S I \ v f i X = ' , P 1 0 . 2 , ' S I N ' 
* M IN = • , F 1 0 . 2 ) 
W P I T F ( f a , 1 1 2 ) I P , 1 P 1 , 1 P 2 , I P 3 , I P 4 
112 FORMAT ( IN ,1 1 , 1 0 X , I 5 , 1 2 * . I 12> , I 5 , 1 2 * , ! 5 ) 
3 CONTINUE 
1F( I P - 1 ) 6 , 5 , 6 
5 DO 7 K = l , N 2 , 1 
KK=N-K+1 
I A ( K) = SOP T ( I A(K ) * 2 , 1 A ( vK ) * * l ) 
I A(K + N') = SCRT t I /> I »• H v ) * * 2 « 1 A t K i-; + r | < » 2 ) 
7 CONTINUE 
6' DO 15 J J = 1 , I £ 
f. N' = N * [ J J - 1 ) 
N N N =0 ' 
GO. TO 30 
32 CONTINUE 
K l - N + N - J J 
I M K 1 ) = AMAX 
15 CONTINUE 
N5=N+3 
N'4=N + N2 
W R I T E ( 6 , 1 1 5 ) 
115 F O P M A T ( / 5 4 H SAMPLE Af'RAY K - 3 . N 2 ) 
W P I T F ( 6 , 1 1 0 ) ( 1 A ( K ) , K = 3 , N 2 ) 
WR I T E ( 6 , 1 l o ) 
116 F O P M A T I / 5 4 H R AC. K G r ' C C N r ' A R R f i v P -N+3 .N2 + N ' ) 
W R I T E ( 6 , 1 1 0 ) ( I A I K ) , K - N 5 , N 4 ) 
GO TO 11 
46 I F ( N O R M . E Q . O ) GO TC 4 3 
GO TO 42 
43 DO 29 K=3,N2 
K UN' + N - l 
K2=N+N-2 
K 3 - K + N ' • 
S A P = I A ( K 3 ) 
fclKG=I A(K ) 
I A ( K ) = S A K . / P K G 
29 CCNTINUE ' 
GO TO 600 
42 DO 2P K=3 ,N2 
K 1 =N' + N-1 
K?=N+N-2 
K 3=K+N 
6KC= I a«K ) / I A (K 1 ) 
S A f = J A ( K 3 ) / I A ( K 2 ) 
I A ( K ) = £ A M / B K G 
2ft CCNTINUE 
6C0 W R I T E ( f c , 1 7 2 ) 
172 FOR P A T ( 1 H ) 
W R I T F ( 6 , 1 1 7 ) 
117 F O R M A T ( / 5 4 H P . A M O r \ Ao;.\Av K = J , N 2 ) 
H R I T E ( 6 , U 0 ) U A ( K ) , K = 3 , N ' 2 ) 
W R I 1 F ( 6 , 9 2 ) ZX 
92 F 0 P M A T ( 2 C A 4 ) 
NN=0 
t. NN = 1 
G O T O 30 
3 3 C C N T I N ' U E 
v e = i / i A ( K i i 
V O = 1 / I A ( K 2 ) 
V 1 C = I . 0 / A >•' A X 
C A L L S U R C O I M V 8 , V N , V 1 0 , V 3 , , V5 , V 6 , V 7 , N' /P " ) 
G O T O 7 2 
11 W P I T F ( 6 , 9 t ) r C P N . A N M , | S | « 1 I 
S6 F O R M A T ! I 3 . 2 F 1 0 . 3 ) 
W R I T F ( 6 , 3 1 0 ) 
3 K ' F O P F ' A T ( L H I , • e A C K r . R r i ' v ' O S P E C I R L M ) 
U N 5 = 0 
V 5 = MH 
M ^ M 
T I 6 - i 
3 C C A L L S C U L P 
J J = r 
N N 5 = f ' N 5 + l 
WfilTF ( 6 , 4 0 1 ) , S 5 , 1 9 ,;>KS 
A C 1 F O R M A T K I 5 ) 
h N 7 = N' * ( I I H - 1 ) 
0 0 2 C K = K M 5 , M 5 , ! Q 
J J = J . I + 1 
K K 1 = K - N N'7 
F P F O = O E L F * ( K K l - l ) 
I F ( K O P M . E O . O ) r,:i T O 3L 
A M F = I A ( K ) / I A (K 1 ) 
G O T P 3 7 
3 1 A M F = I A (K ) 
3 7 A A ( J J I = F * E Q 
H R ( J J ) = A M P 
2 5 C C N T I N U E 
MM6 = ^5-MM-5 
C A L L S U r * G P ( A A , f i M , K r A R i } , N r i j T , I 9 , ^ * 6 I 
I F ( I E ; - L I 1 3 9 , 1 3 9 , 3 0 ? 
3 C 3 I F ( N N 5 - 1 I 3 0 5 , 3 ' 5 , 3 " 6 
3 C 5 M V C. = M • N 
M 5 = M +N ' 
T i e = 11 e+1 
W R 1 T E ( 6 , 3 1 1 ) 
3 1 1 F O R M A T ( i H l , 1 S A M P I E S P E C T R U M ' ) 
G O T O 3 0 4 
3 C 6 G O T O 4 6 
7 2 J J = 0 
WR I T E ( 6 , 1 7 2 ) 
W R I T E ( 6 , 9 2 ) 7X 
C A L L S U i U P 
W R I T E ( 6 , 4 0 1 ) * ' M , " , I 9 
D O 7 3 K = fif<, M , ] 9 
J J = J J + 1 
F R E O = P E L F * ( K - 1 ) 
I M N O ^ ' . F C . O I G O T T ^ 
A M R - I A ( K ) / A M ^ X 
A H P = A M P * V 7 
G C T O 3 9 
3 8 A M P = I M K ) * V 7 
3 ^ A A ( J J ) = F R E 0 
P P ( J J ) = A M P 
7 3 C O N T I N U E 
£3£ 
v y 6 = N - R v 
T A L L S U B G P ( A A , FB , NC AP , '\ L U T , I 
G O T O 1 3 9 
3 0 A M A X = 0 . 0 
M l = M M 
«.<2 = ^ 
5 0 O G ? 6 L = K l , * 2 
5 1 K = L + N N 
I F { I A ( K ) - A M A X ) 21,26,27 
2 7 A M A X = I A ( K ) 
26 C O N T I N U E 
WR I TE (6 , 1 0 7 ) A'lAX 
IF (N 'ON I 3 2 , 3 2 , 3 3 
1 39 M 0 = ( "I-MM ) / 1 9 
GO T0( 301 , 3021 ,N ( ' RC 
3C2 W R I T E ! 6 , 192 i NO 
W P I T E ( 6 , 1 9 1 ) 
W R I T E ( 7 , 1 8 8 1 2 x 
W P I T E ( 7 , 1 8 9 ) ( A A ( J J ) , P P I J J I , J J = 1 ,NC ) 
IflP F O R M A T ( ? 0 A 4 ) 
1 6 9 F O P ' - A l ( 5 1 F 7 . 2 . F 7 . 4 , 1 x) ) . , 
1 9 1 F O R V A T U X • H A S Pi iOCPFn C A ^ C S M 
1 9 2 F 0 P f A T ( I X ' NO OF ruTPl.iT P C I N T S = ' I < i ) 
3 C 1 RETURN 
E N C 
S U B P 0 U T 1 N E S L B C C R ( V S , V<= ,V 1 " , V 3 , V4 , V 5 , Vn , V 7 , N O R M ) 
1 F I N O R M . E Q . 0 ) G O TO 2C 
XN'C = Vf l / ( V 9 * V 1 0 > 
W P 1 T F ( 6 , I C 0 ) XNO 
1 0 0 c 0 fi ^  AT ( IH , 2 f H NORI'AI. I SAT I ON C 09 ^ E C T | C t: = , F 1 C . 4 ) 
o r T O 21 
il> XNT.= 1. I , 
WP I T E ( 6 , 1 0 2 ) 
I C 2 FORMAT ( I H ,26.1- N;C N 0 F> A L I S T I C N E F F E C T E r ) 
21 G S A S ' = V 3 + V 4 * 1 C . J 
G H K G = V 5 * V 6 * 1 C . 0 
O G A I N - C S A M - G F / K G 
I F ( P C A I N ) 5 , 7 , 7 
5 D C A I N = - O C A IN ' ' . . . ' 
7 V P = 0 C A I N / 2 0 . ( 
V P = V P * 2 . 3 0 2 5 ( 5 1 
V P = E X P ( V P ) 
V X = 1. •" / V P 
V 7 = X N C * V X 
WP. I T F (6 , 1 0 1 ) V P , V X , V 7 
101 FOP*'AT ( 1H , 3HVP = t T 1 2 . 4 , 2>-'V x = , F 1 2 . 4 , 3' JV7 = , F 1 2 . <• ) 
RETURN 
F N C 
SUBROUTINE P H A S E 2 ( B . t N , »> ,M P C ) 
C O I M E N ' S ION O F H MOST PE AT LE AST 3 •*>«.'. 
C T F E NN P O I N T S U S E D F C R PECICN <>PCUT T I-E 7 . P . C . P O S I T I O N . 
C P H A S E F U N C T I O N CONTAINS NN P C 1 N T S . 
C NN M U S T PC A BINARY P r w F S . 
O I P F N S I C N a< i ) t c ( 4 1 r ) 
I F S E T = 1 
R N = N N' 
D O 1 K = 1 , 1 2 , 1 
R N = P N / 2 . 0 
I F ( F N ' . C C . l . O ) M = K 
1 C O N T I N U E 
s a t 
DO 2 K = l , NN, 1 
K fc = K + N N 
R ( K K ) = o . o 
2 CONTINUE 
C A L L F F T ( H , K , 1 F S E T) 
00 3 K = 1 , NN, 1 
K K = K • N N 
W R I T F ( 6 , 1 C 5 ) I H I K K I ,r( ( K ) ) 
Z = A T A N 2 ( B ( K K ) , R ( K ) ) 
B< K ) = C C S ( Z ) 
B ( K K ) = S I N I Z > 
C ( K ) = Z 
3 CONTINUE 
l F ( N P C R n ) 1 0 7 , I C 6 , 1 C 7 
107 W R I T F ( 6 , 1 C 8 ) . 
lC« F O R M - A T I I X 'HAS Pllf.f H E r C A R D S ' ) 
' WR I T E ( 7 , 1 10 I ( I C ( K | ) , K = l . t M 
110 F O R M A T ( 1 0 F 5 . 2 ) 
1C6 CONTINUE 
W R I T F ( 6 , 1 0 1 ) 
1C1 F OR M A T ( / 5 4H PHASE F l. N C T I C N F R O ' COS FUNCTION- , ) 
WRITE ( 6 , 1 0 5 ) ( ( C ( K ) ) , K = 1 , N \ ) 
1C5 FORMAT( IH , 1 0 F 5 . ? > 
RFTUPN 
ENC 
SUBROUTINE P H AS F 3 ( P , F N . " , N PC F 0 ) 
D I E 0 S 10 N B ( 1 I »0 ( 4 1 •". ) 
I F S E T = 1 
R N; = N N 
no i K = I , 1 2 . l 
ON = R ' v / 2 . 0 
1 F t F ^ . C t " . 1 . 0 ) N=K 
1 CCNTTNUE 
DO 2 K = l ,NN, 1 
K K = K+ NN 
B ( K K ) = 0 . 0 
2 CONTINUE 
CALL F E T ( b , f , 1 F S E T ) 
00 3 K = 1 , N N , 1 ' ' . . . " 
K K = K + N N 
7 = A T A N 2 ( B ( K K ) , E ( K ) ) 0 . 1 < . 1 5 S / 2 . L 
B ( K ) = C O S ( Z ) 
R ( K K ) = S I N ( Z ) 
C ( K ) = Z 
3 CONTINUE 
I F ( N P C k O ) 1 0 7 , 1 0 6 , 1 0 7 
1C7 l-.'R 1TF ( 6 , 1C8) 
1 0 * FORMAT ( IX 'H/:S P U l - i C K C C A L L S ' ) 
WRITE < 7 , 1 1'.) ( IC<K) ) ,K = i , r , N ) 
1 1 0 F O F M A T I 1 0 F 5 . 2 ) 
106 CCNTIN'UE 
W P I T F ( 6 , I C 1 ) 
1CI FORMAT 1/5^-H PF-ASF r u V ' C T K M F°CF COS FUNCTION ) 
WR I T F « ft , 105 ) ( ( C ( K ) ) , K - 1 , NM 
1C5 FORMAT<IH , I OF 5 . 2) 
RETURN 
END 
SUBROUTINE S L ! r . F ( A . N ) 
C T H I S S U P P U U 1 I I F S l I T F S TEE L A S T N POINTS OF T E f AFP AY A CONTAINING 
C 2*N POINTS TO THF I 'ECIN ING O.F TE F A R R A Y . 
S3 
DIN'FNS I C N A l l ) 
U P | 1 F ( ( . K ' | N 
2 FDPMAT U H 1 , 1 EHCAl (.ED 51 I D E N = , I 4 ) 
Of) I K = 1 , N , 1 
K K = K • K 
7. = A ( K ) 
A { K ) = A ( K K ) 
A I K K ) = Z 
1 CONTINUE 
RETURN 
END 
SUBROUTINE F F T ( a , M , I P S E U 
01 I-FNS ICN A l l ) 
N = 2 * * f 
N V 2 = N/2 
NMl=N- l 
J f 1 . " 
'I F ( I F S E T ) 6 , f . 7 
6 F N = N 
DO 6 K=1 ,N 
A ( K ) = A ( K ) / F N 
A(K '+N)= -A(K + M/Ft> . 
fl C.ONTINLE 
7 DO 1 1=1,NM1 
I R = I 
I 1= 1+N 
I F ( I . G E . J ) GC TO 2 
JR = J 
J 1 = J + N 
T = A ( J R ) 
T I = A ( J I ) 
A ( J P ) = A ( I ?. ) 
A ( J I ) = A ( 1 I ) 
A I 1R)=T 
A( I I ) = T I 
2 K=NV2 
3 i r ( K . G E . J ) GC TO 1 
J = J - K 
- K =K /2 
GO TO 3 
1 J=J+K 
P I = 3 . l A l 5 9 2 6 £ 3 5 E C 7 o 
0 0 u L = l , f 
L E = ? * * L 
L F l = L E / 2 
R L E = L F 
RL F = R L E / 2 . 0 
U = I . 0 
V = L . ' 
W = S I N I P I / R L E ) 
X = C C S ( P I / R L E I 
DO <• J = l , L E l 
DO 5 I = J , N , L E 
1 R = I 
I I- I +N 
I P = 1 +L E 1 
I PR = I P 
I P ! = l P f N 
T=A( I P R l+U-A ( ! PI I '\J 
T I = A ( I Pi<) * V* A I I P ) ) *U 
*2A 
A J I O P ) = A ( IP ) - 1 
A ( I P I ) = A ( 1 I ) - T I 
A ( I P ) = A ( 1 R ) > 7 
A! I I ) = A( I I ) «-T I 
5 CONTINUE 
F = L * X - V * 
F=U*W+V*X 
U = F 
V=F 
<, CONTINUE 
WRITE I 6 , 9 ) M 
9 FORMAT ( LH , 13HCAI.I FO F F 1 *•••=,! c ) 
RF TURN 
E NO 
SUBROUTINE C f NVfL 1 A , r> , ' f , K M , \ | ) 
C NN I S ThE. NU"liFi- CF PC (NTS IN' T i F f l./MCT ION' A . 
C N-N T S THF M'»'hl.F r T F" r-C ! M S ' N ' T F f Ft.lNCT ! CN. H . 
C ' A R R A Y A MUSI HAVE DIMENSION .Of . . IK'N + V f ) 
C " NN.CF .MM. 
0 1 N F N S I C N A M I , f i l l 
J = N 1 + 1 
N'3 = KN + M 
0 0 2 K = J , N 3 , 1 
T O T = 0 . 0 
00 3 KK=1,NM,1 
K R = K + K K— 1 
THT = TOT«-A(KP ) * 0 ( K K J 
3 CONTINUE 
A ( K ) = T O T 
2 CCNTINUE 
N 4 = l + M 
W P I T r ( 6 . 9 ) 
W R I T ! ( 6 , a ) ( A ( K ) , < = M , N 3 ) 
8 FORMAT(1H . I C F 8 . 2 ) 
9 FORMAT I / 'j 4 H C-.lMVOI. V" 0 I •'••T ER »-Fkiir,F. A^ ) 
*1R I TF I 6 , 5 ) MM ,^ v. 
5 FORMAT ( IH1 , I 7HCCt- : Vri O A 1.1 '-(. t, N = , I H , /- M ^ M = , m ) 
RETURN 
• • - END ' 
SUBROUTINE SCF T ( A , N • J ,'N N ) 
I H * F N S ICN A l l ) 
C J t-UST BE . L E . N. 
L=0 
• K=NN+1 
K 2 = J 
1 Z = M K ) 
A I K ) = A(K2 ) 
L = H 1 
2 I F I K - K 2 ) 3 . ? , 6 
3 K K = N N + N - ( J - K l + l 
4 Z Z = A ( K K ) 
A(KK ) = Z 
Z=ZZ 
K= KK 
L = L + 1 
0,0 TO 2 
5 I F ( L . E O . N ) GL" TO 7 
K 2 = K 2 + l 
K = N N + K 2 - I J - l ) 
GO TO 1 
•$1°) 
b K K = M W K - J * 1 
r,n TO ^ 
7 CCNTINUE 
w R l T F ( 6 , 8 ) j , N , r - K 
e F O ^ ' A T U H , ' E C f i T r A L i.c n .1 = • , i ' t « • k = 1 ( ; ^ i ' '\' -^ = • . i '<) 
FNT 
C SUCIFCUTIN'E USED TC S f T U f- I PC I N T P S;T T H A T i i f i T A d ' . ' I • L: U i U H N E C IN' 
C SPECTPAL FOPM, 
Sue"OUT 1NL S l . P L P 
P I f-f N M C N C W / P ( I 0 I ) , X N U M 1 1 1 
DATA C O T , D I V / IH . , 1 H t / 
P A T A XMJM/O . 0 , 0 . 1 , C . ? , C . ? , C . 4 , C . 5 , C . t , 0 . 7 , C . n , 0 . < i , 1 . 0 / 
W R I T F ( f r » l L l > XNL , Jl 
101 FORMAT ( 1 7 X , F 2 . I , l i".( 7 X . F 3 . 1 ) > 
n f i 9 0 K = l , 1 0 1 
50 C H A F ( K ) = D O T 
l?n o ( 1 2 = 1 , 2 1 ' . 
I K = 1 
' I K = IK. + 5 * I I Z - 1) 
51 CHAP ( ! K ) = H I V 
W R I T E ( 6 » 1 0 0 J C H A I 
100 F O P MAT ( 1H , 1 7* , 1 CI A n 
P E T LI P N 
END 
SUPFDUT llviE S U R C P ( \ , f ,<•••.(. A K n , r, C L I , 1 9 , f"-<6 ) 
niNFKSICN X( 1 I 1V ( I ) 
ni ft N S I C N r .H/c < H i j 
DATA BLANK, P L T T . r - L L S / I F , l t - > , l F W 
1 F ( N C U T . E O - l ) GO TC 1 1 
0 0 2 ? L = 1 , . M N £ , ! S 
OH °2 K = 2 , 1 0 1 
?p CHAP ( K ( = t : L A N | K 
CHAk{ 1 )=PLUS 
1 = ( ( Y { L I ) * 1 0 0 ) -t 0 . 5 
I F( I . G T . 1 0 0 ) GC TO i 
I F ( l . L T . l ) G f T i"! 5 
GC TP 4 
3 I = 1 C 1 
GO TO A 
5 1=2 ' ' 
A C H A P ( I ) =PLOT 
25 W R I T F l f t , 1 0 3 ) X ( l ) , Y ( L ) , C H A ^ . 
1C3 F 0 R ^ A T t L X , F h . 2 . 3 X , F ft , 3« , 1 0 H I I 
• 11 PE TUPN 
END 
A1.3 DCH0623 Refractive index programme 
c 
c 
c 
C PROGRAMME TC PROCESS C I S P FR S 1 V E ( P t-A S F ) S P FCT R A FROM F S7 20 , C. £L CUL A T E S 
C AVERAGE PHASE FUNCTIONS AND REFRACTIVE I NC E X / FP E QUE NC Y CURVE BY 
C fETHCC CF CHAMEERLA1N AN C GEPE1E 
DIMENSION PH A S M 4 1 L ' , 6 ) ,PH t SSI 41 00 , 6 I , SPH AS* ! 4 100 ) , 
1 A P H A S 0 ( 4 1 0 0 ) , A P H A S S < 4 1 0 0 ) , F R F C { 4 1 C C ) , Z X ( 4 1 C 0 ) , S P H A S S ( 4 1 0 0 ) , 
I D I F P U S ( 4 1 0 0 ) , R F I N C X ( 4 1 0 0 ) 
D IMENSION Y ( 4 ICG ) , A ( 4 I CC • 6 > . R ( 4 ! OC , h ! ,C(4 ! CO > :0 l4J.0CO 
' D IMENSION BPHAS(A IOO) • . 
D IMENSION Z T 1 2 C I 
15 FORMAT ( 1H 1 ) 
40 F O R M A T U X 'BACKGROUND P h i S E / F P . E C CURVE K= • , 12 > 
41 FORMAT! IX « SAMPLE PHASE'/FREC CURVE K = 8 1 1 2 ) 
B6 FORMAT( IX •SAMPLE P H A S f / F R E C CURVE' ' ) • 
£7 FORMAT(IX•BACKGROUND PHASE/FREC C U R V E ' ) 
100 F O P M A T 1 5 I 3 ) 
101 FORMAT(2 I 3 » 1 4 , 7 1 3 ) 
102 FORMAT( ICF 5 . 2 ) 
103 FORK.AT ( / / ' C A L C U L A T I O N OF REFRACTIVE INDEX FROM PHASE SPECTRUM' ) 
1C4 F C R M A T U H , 1 0 F 6 . 2 ) 
1C5 FORM.ATdH ,F 7 . 2 , 9XF 5 . 2 , SXF 5 . 2 , 3X1 3) 
106 F O R M A T ( / • F R E C l C M - 1 ) PHASE! SAMPLE-) P F A S E ( B K G ) J ' ) 
1C7 F 0 R M - A T ! / ' F R E 0 ! C M - 1 > PHASE CIFFERENCE 4 P I XPATHLXFREC N(COMPUTED) 
1 J * I 
ICB F O R M A T ( F 7 . 2 , 1 2 X F 7 . 3 , 3 X F 8 . 3 , 1 0 X F 8 . 4 , 5 X 1 3 ) 
ICQ FORMAT I 1 3 , £ F 1 0 . 5 ) 
110 FORMAT(1H , 1 7 X , 101A 1 1 
111 F O R M A T U H , • CriMPUT AT ICN FOR SOLUTION P . I . V A L U E S ' ) 
113 F O R M A T < I X . F 7 . 2 , I X . F 8 . 4 , 1 X , 101 A l ) 
115 F O P M A T ( l H l ) 
' l i f e F O R M A T ( I H l , ' R E F R A C T I V E I N D E X / FREQUENCY CURVE* ) 
117 F O R M A T ( 2 0 A 4 ) 
2 ' . 1 FORMAT! I H , • CUT OF RANGE ' ) 
2 2 1 FORMAT!17 X iF 5 • 3 i 1 G ( 5 X , F 5 . 3 ) ) 
301 F O R M A T ( I F , 6 X , F 6 . 4 ) 
3 0 2 F C R M A T ( F 5 . 3 ) 
3C3 F O R M A T ! I H , 6 > , F 5 . 3 ) 
W R I T F ( 6 , 1 0 3 ) 
RE A D ! 5 » 1 0 0 ) NSFTS, NDPH,NOSPH,NFHM,NCARD 
C NSETS= NUMBER OF SETS TF DATA 
C NOPH= INTEGER CECICIN'G hOW OUTPUT TATA IS DISPLAYED 
C = 1 G I V F S PHASE CURVE FCR EACH C A T A SET PLUS AVEPAGE 
C = 2 GIVES AVERAGE PHASE CURVE CNLY 
C = 3 GIVES NC FHASE CURVES 
C NOSPH= DETERMINES WHERE PHASE VALUES ARE PEAC FROM 
C =0 R F ACS FROM INPUT C FV ICE 5 ( = * S C U R C E * ) 
C = 1 R FADS BACKGROUND PHASE FRCM F I L E 7 A NC SA"PLF PHASE FPCM F I L E 9 
C NPHM= SIGNAL TO I N C K . A T E SYSTF*. CN WHICH COMPUTATION IS B F I N G CARRIED CUT 
C =0 CALCULATION FOR A PURE L 1 C U I D OP A SQLIC 
C =1 CALCULATION- FQP A S C I L T I C N 
20 R E A C ! 5 , 1 0 1 I N R K C , N C I S , N N , N C , M S I G I , N S I G 2 , N S I 63 ,NPHAS 
C NBK G= NU M BLR OF PHASE RACKGPCLiNDS 
C N D I S = NUMBER OF PHASE SAMPLES 
C NN= NUMBER OF PCINTS 
C NO= NUMBER DF PUNS W I T H ' D I F F E R E N T M E A N REFRACTIVE INDEX VALUES 
C N S I G 1 = SAMPLING I N T F R V i L IN MICRONS 
C MSIG2= SIGNAL TC 0 E T F C M JNE SPACING OF PLOTTED REFRACTIVE INDEX 
C =0 GIVES NO SPACING 
C ' 1 G IVES SPACING FOP CCMfRJSCN CF CURVES WITH DIFFERENT NU^PERS OF POINTS 
C NOTE ONLY FOR 512 PU1NTS AND OVER 
C NS IG3= SIGNAL TC INDICATE WHIITFFP REFRACTIVE INDEX CALCULATION IS REQUIRED 
C = 0 GIVES REFRACTIVE INDEX PLCT 
C =1 GIVES ONLY PHASE SPECTRA 
C NPHAS= SIGNAL TC I N D I C A T E I F INSTRUMENT BACKCRCUNC IS TO fiE PEAC IN 
C FCR SCLUTICN CCHPUTAT10NS 
C =1 REACS BACKGROUND 
NM=NN/2 
Z » 3 . 1 4 1 6 . „ 
• I F ( N C S P h ) 5 1 0 , 5 1 0 , 5 0 1 
510 0 0 1 K=1 ,NBKG 
1 R E A C ( 5 , 1 0 2 H P H A S 0 ( J , K ) , J = 1 , N N » 
DO 2 K=1 ,ND1S 
2 R F A H I 5 , 1 0 2 ) I P H A S S ( J , K ) ; J = 1,NN5 
I F I N P H A S . E O . l ) GO TC 550 1 ' . ' • • • 
GO TO 16 
501 0 0 5 0 2 K= 1,NEKG 
502 R E A D ( 7 , 1 0 2 ) I P H A S O I J . K ) , J = 1 , N N ) 
DO 503 K = 1 , N D I S 
5C3 R E A R ( 9 , 1 0 2 1 ( P H A S S < J , K ) , J = 1 , N N ) 
I F ( N P H A S . E O . 1) GO TC 55C 
GO TO 16 
550 R E A C I 5 , 1 0 2 » I e P h A S ( J ) , J = l , N N ) 
DO 5 5 2 K= 1 , NBKG 
DO 5 5 1 J = 1 , N N 
5CA PHASO! J , K ) » P H A S O ( J , K j - e P H A S ( J ) 
5 5 ? CONTINUE 
DO 553 K = l , l 5 C I S 
DO J = l , N N 
554 P H A S S ( J , K | = P F A S S ! J . K ) - R P H A S ! J ) 
553 CONTINUE 
, 1 6 I F I N O ) 1 1 , 1 2 , 1 3 
13 R E A D ( 5 , 1 0 9 ) 0 M , RMt AN.PATHl . l . F R E C L , FRESH, PATHL2 
C 0M= INTEGER NUMPEP OF PACIANS FOR CCNNECTING UP F»ANCHES OF PHASF CURVFS 
C RM EAN= MEAN VALUE OF REFRACTIVE INDEX CORPECTFD FOR SAMPLING ERPCRS AT 
C ZERO PATH CIFFERENf.F 
C PATHL1= PATHLENGTH IN CENTIMETRES (FCR S f L U T I C N CC*PITATUONS TF1S IS 
C THE PATHLENGTH OF THE SOLUTION) 
C FREOL= LCWFR L I M I T CF CCMPITAT ICK I N RECIPROCAL CFNTIMETRES 
C FR EQ H = UPPER L I M I T OF C 0 M P I T A T I G N I N RECIPROCAL CENTIMETRFS 
C PATHL2= PATHL ENGT F OF THE SOLVENT BACKGROUND ICNLY REQUIRED FOP 
C SOLUTION COMPUTATIONS! 
R E A C ! 5 , 1 1 7 ) ZT 
C ZT* HEADING 
DO A J = 1 , N N 
S P H A S 0 ( J I = 0 . C 
OC 5 K = l , N B K C 
SPHASO!J ) = S P H A S n i J ) + P H A S O I J , K ) 
5 APHASOIJ ) = SP H A S O ( J I / N B K G 
4 CONTINUE 
W R I T E ! 6 , 1 0 4 ) < A PHA S O ( J ) , J = 1 , N N ) 
DC 6 J = 1 , N N 
S P H A S S ! J ) = 0 . C 
DO 7 K = 1 , N D ! S 
SPHA$S(J )=SPFA£ . S ( J ) * P H A S S < J , K ) 
7 A P H A S S I J ) = S P H A S S l J ) / N D I S 
6 CCNTIMJE 
W R I T F ( 6 , 1 C 4 ) ( A P H t- £ £ ( J ) , J = 1 , N N ) 
A L I A S FREQUENCY = 1 / ? * S A » 4 P L I N T , INTERVAL 
A S F R E C = l C O O 0 . O O O / ( 2 . 0 * N S I C 1 ) 
OFREQ=ASFREO /NM 
F R E C d ) = 0 . 0 
DO 8 J = 2 , N M 
8 F R E O I J ) = F R E Q ( J - 1 )*OFREO 
M = I N T ( F R E C L ) 
M M = I N T ( F R E C H ) 
M l = v * \ M / A S F R F O 
M 2 = C M * N M / A S F R E Q 
W R I T E ( 6 , 1 5 ) 
J J = 0 
'DC 37 J = H l , M 2 
J J = J J * 1 
37 Y ( J J ) = FREO(J I 
GO TO ( 3 4 , 3 5 , 3 3 ) , N C P H 
3<» KK=G 
OC 3 1 K = L,KBKG 
KK = KK* 1 
WR I T E ( 6 , 1 1 5 » 
W R I T E ( 6 , 4 0 ) K 
CALL SETUP 
J J = 0 
DC 55 J=Hl,H2 
J J = J J + 1 
55 A ( J J , K K ) = P H A S O < J . K ) 
CALL P A P L O T ( A , Y » M l ,*>2 , KK ) 
31 CCNTINUE 
l'-K = 0 
0 0 32 K = t , N M S 
K K = K K • 1 
W R I T F ( 6 , U 5 I 
W P I T F < 6 , 4 1 ) K 
CALL SETUP 
J J » 0 
DO 75 J=*M l ,H2 
J J = J J + 1 
75 B l J J , K K » = P H A S S ( J , K > 
CALL P A P L O T I B , Y , M 1 , M 2 , K K ) 
32 c c r a i M J E 
W R I T E I 6 . 1 1 5 ) 
35 W P [ T F < 6 , 8 7 ) 
CALL SETUP 
JJ=C 
DO 85 J = M l , M 2 
J J = J J * 1 
e5 C < J J ) = A P H A S C ( J ) 
CALL P h P L O T ( C t Y , M l , M 2 ) 
W R ! T E ! 6 , L 1 5 ) 
WP I T E ( f > , 8 6 ) 
CALL S E T U P 
J J = C 
DO 95 J = M l , M 2 
J J = J J * 1 
S5 D ( J J ) = A P H A S S I J ) 
CALL P H P L O T ( D , Y , M l , K 2 ) 
* 
33 W R I T F 1 6 . 1 1 5 ) 
W P I T E ( 6 , 1 C 6 ) 
W P I T E ( 6 , 1 0 5 ) ( F K E Q < J ) , A P H A S S « J ) , A P H A S 0 ( J ) , J , J = M 1 , M 2 ) 
I F (NS I G 3 . E 0 . 1 ) GO TC 12 
I F J N P H M . E C . l ) GO TC 4 0 2 
ZZ = 4 . 0 * Z * P A T l - L l 
DO 14 J=M1,M2 
Z X ( J ) = Z Z * F R E C ( J ) 
D I F P M S ( J ) = A P h A S S U ) - A P H i S O ( J I 
14 PF I N D X ( J ) = 1 . O + R M f A N » ( C I F P H S ( J ) / Z X ( J ) ) 
GC TO 4 0 1 
4C2 Z Z = 4 . C * Z 
DO 4 0 3 J=M1 ,M2 
Z X ( J I = Z Z * F R E C I J ) 
O I F P H S « J ) = 2 . C * ( A P H A S S ( J ) / P A T H L I ) - A P H A S C ( J ) / P A T H L 2 
4Q3 RF INOX { J ! = 1 . C * R K E A N * ( C i F P H S i J i / Z X ( j i ) . ' ' ' 
4C1 W R I T F I 6 . 1 1 1 ) 
W R I T E ( 6 , 1 0 7 ) 
W P I T F < 6 , 1 0 8 ) ( F R F 0 ( J ) , C I F P H S ( J ) , Z X ( J ) , R F F N D X ( J ) , J , J = M 1 , M 2 ) 
C TO SFT UP L I N E PRINTR TO OBTAIN DATA I N SPECTRAL FCPN 
DATA C O T , D l V / l h . , 1H + / 
A M A X = 0 . 0 
n i H F N S ION CH /R I 1 0 1 » , X ( 1 1) 
DC 2 0 1 J = K 1 , K 2 
I F ( R F I N D X ( J ) - A f A X ) 2 0 1 , 2 0 1 , 2 0 2 
2 0 2 AMA X= R F I N D X ( J ) 
2 C I CCNTINUE 
W R I T E I 6 . 3 0 1 ) A MA X 
A H I K = 2 . 0 
DO 203 J = P 1 , K 2 
I F ( R F I N O X U ) - A M I N ) 204 . 203 . 2C3 
2 04 A f l N = R F I N D X ( J ) 
2C3 CCNTINUE 
W R I T E ( 6 , 3 0 - 1 ) AM IN 
P.DI FF=AMAX-AC IN 
W R I T F U . 3 0 1 ) RDIFF 
I F ( P n i F F . G T . 0 . 4 ) GO TO 205 
I F f P 0 1 F F . G T . 0 . 2 ) GC TC 217 
I F ( R n i F F . G T . C . l ) GC TC 206-
I F ( P C I F F . G T . 0 . 0 5 ) CO TO 207 
GO TO 208 
2 0 7 R = 0 . 1 
GO TO 210 
2 0 6 ft=C.2 
GO TO 2 1 0 
2 0 8 R = 0 . 0 5 
GO TO 2 1 0 
2 1 7 R = 0 . 4 
GO TO 210 
2C5 W R I T E ( 6 , 2 1 1 ) 
GO TO 300 
2 1 0 A D I F F = R D I F F / 2 . 0 
CL INF = A M I N * A D I F F 
L L I h E = I N T ( C L INE + 100 . 0 ) 
D L I N E = L L I N E 
A L 1 N E = CL I N E / 1 0 0 . 0 
W R I T F ( 6 , 3 0 3 ) A L I N E 
W R I T E ( 6 , 3 C 2 ) R 
A I N C = R / 1 0 . 0 
Q = R / 2 . 0 + A I N C 
on 220 K = I , 11 
A K = K 
2 2 0 X(K ) = A L I N E - Q + A I N C » A K 
W R J T F ( 6 , 1 1 6 1 
W R I T E I 6 . 1 1 7 ) ZT 
W R I T E ( 6 , 2 2 1 ) ( X ( K ) , K = 1 , 1 1 ) 
0 0 90 K = l , 1 0 1 
90 t H A P ( K ) = D O T 
00 9 1 I Z = 1 , 1 1 
I K » 1 
I K = ! K * 1 0 * ( I Z - l l 
91 C H A P ( 1 K 1 = 0 I V 
W R I T E ( 6 , 1 1 C ) CHAR 
0 0 25 J = M 1 , H 2 
DATA B L A N K , P L O T , P L U S / I E , 1 , 1 h + / 
, 0 0 92 M = 2 , 1 C 1 . . 
92 CHAR(M)=BLANK 
C H A R ( 1 ) = P L U S 
N=* I N T ( 1 C C . r / R ) 
A 8 A S I X ( ( A L H E - R / 2 . 0 ) * N ) r 1 . 0 ) 
L = R F I N D X ( J ) * N - A E A S E 
I F ( L . G T . I O O ) GO TO 123 
I F ( L . L T . l ) GC TC 125 
GO TO 124 
123 L * 1 0 1 
GO TO 124 
125 L = l 
124 C H A R ( L ) = PLGT 
I F ( N S I G 2 I 1 2 , 3 5 7 , 3 5 8 
358 ! F ( ( N N - 2 G 4 8 ) . E O . O ) GO TO 359 
GO TC 3 6 0 
359 WR I T E ( 6 , 3 70 ) 
3 7 0 F O P M T U H J 
360 I F U N N - 1 0 2 4 ) . E C . f ) GO TC 3 6 1 
GO TO 3 6 2 
3 6 1 W R I T E ( 6 , 3 7 0 ) 
W R I T E ( 6 , 3 7 0 I 
W R I T E < 6 , 3 7 0 ) 
' 3 6 2 1 F ( ( N N - 5 1 2 1 . E G . 0 1 CC TG 3 6 3 . 
GO TO 357 
3 6 3 W R I T E ( 6 , 3 7 0 ) 
WRITE< 6 , 3 7 0 ) 
W R I T E ( 6 , 3 7 0 ) 
W R I T E ( 6 , 3 7 0 ) 
W R I T E ( f t , 3 7 C ) 
W P I T F I 6 , 3 7 0 ) 
W R I T E ( 6 , 3 7 0 I 
3 57 W R I T E ( I S 1 1 3 ) ( F P E O ( J ) , R F I N D X ( J ) ,CHAR) 
25 CONTINUE 
I F ( N C A R O . E O . C ) GO TO 26 
W R I T E ( 8 , 2 7 ) ( ( F R E 0 ( J ) , R F I N 0 X ( J ) ) , J = M 1 , M 2 J 
27 F C R K A T ( 5 ( F 6 . 2 , F 6 . 4 , 3 X ) ) 
26 CONTINUE 
3C0 N0=NG-1 
GO TO 16 
12 N S F T S = N S E T S - 1 
I F ( N S E T S » 1 1 , 1 1 , 2 0 
11 CALL E X I T 
ENC 
SUBROUTINE SETUP 
I 
0 1 K F N S I C N A L I N E ( 6 5 ) 
D IHFNS1GN XNLM(7) 
DATA X N L I M / - 3 . 0 . - 2 . f . , - l . C , 0 . C , I . C 2 . C 3 . C / 
DATA B L A N K , O C T , P L U S , S T A R / 1 1 - , 11 - . , 1H* , I M / 
52 F O R M A T U 5 A 1 ) 
53 FORM AT ( I H , F4 . 1 , 6 ( (• X , F4 . 1 ) ) 
WRITE ( 6 , 5 3 ) XNUM 
DO 51 K = l , 6 5 
51 A L I N F | K ) = D O T 
DO 57 K = 3 , 6 3 , 5 
57 AL INECK ) = PLUS 
W R I T E I 6 . 5 2 ) AL INE 
RETURN 
ENC 
SUBROUTINE PA PLCT<7 1 , Y , Ml , H2,K ) 
. D IMENSION Z U 4 1 G C N 11 i Y ( ' M O C ) 
0 1 * E N S I C N N ( 4 1 0 0 1 
0 1 K F N S I C N AL INE < 6 5 ) 
DATA B L A N K , D O T , P L U S , S T A R / 1 H , 1 H . , 1 H + , 1 M * / 
54 F C R M A T U H . 2 X . 6 5 A 1 , 6 X , F 7 , 2 , 2 X t F8 . 4 ) 
M3=M2-M1 • • 
M4=1*M3 
DO 70 K L = 1 , M 4 
N « K 1 ) = 0 
I F ( Z 1 ( K 1 , K ) . G T . 3 . 1 4 ) CO TO 7 1 
CO TO 7C 
71 Z l < K 1 , K ) = Z U K 1 , K ) - * . 2 8 
N( K l 1 = 1 
70 CONTINUE 
0 0 1 J J = U N 4 
0 0 53 M = l , 6 5 
53 AL I N'E I M 1 = BLANK 
A L I N E ( 3 1 l » D O T 
M = I N T ( ( Z l ( J J t K ) * 3 . l 4 l 5 5 ) * l C . O ) 
I F I W . G T . 6 5 J GO TO 60 
I F ( K . L T . l ) GC TO 6 1 
GO TO 62 
„ 60 K=65 
GO TO 62 
6 1 M = l 
62 I F ( N ( J J ) . E O . 1 ) GO TO 63 
GO TO 64 
63 AL I NE(M) = DOT 
GO TO 1 
64 AL I NE(M1= STAR 
1 W R I T E ( 6 , 5 4 ) A L I N E , Z 1 ( J J , K 1 , Y ( J J ) 
RETURN 
ENC 
SUBROUTINE P F P L G T I Z 1 , Y , M 1 , » 2 I 
D IMENSION Z H 4 1 C 0 ) , Y( 4 1 C 0 ) 
D IMENSION N ( 4 1 0 0 ) 
D I K E N S I C N A L I N E I 6 5 ) 
DATA B L A N K , O C T , P L U S , S T A R / 1 F , 1 H . , 1 H • , 1 H * / 
54 FORMAT(1H , 2 X , 6 5 A 1 , 6X , F7 . 2 , 2 X , F 8 . 4 ) 
M3=M2-M1 
M 4 = l + M 3 
DO 7 0 K 1 = 1 , H 4 
N ( K 1 ) = 0 
I F< Z l ( K l ) . G T . 3 . 1 4 ) GC TC 7 1 
GO TO 70 
5 Mo 
71 Z l ( K l ) = Z l ( K l ) - 6 . 2 8 
N ( K l I = 1 
70 CONTINUE 
0 0 1 J J = 1 . H 4 
DO 53 K = l , 6 5 
53 A L 1 N F ( M ) = b L A N K 
A L I N E ( 3 1 ) = 0 0 T 
M = 1 N T ( ( Z H J J ) + 3 . 1 A 1 5 9 ) » 1 0 . 0 ) 
I F I V . G T . 6 5 1 GO TO 6 0 
I F ( K . L T . l ) GC TC 6 1 
GO TO 62 
60 H=65 
GO T€ 62 
6 1 M = l 
62 I F ( M J J ) . t Q . l ) GO TO 63 
. GO TO 64 
63 A L I N E ( M ) = O O T 
GO TO 1 
64 AL I N E I M ) = STAP. 
1 W R I T E ( 6 , 5 4 ) AL I M E , Z l ( J J > . Y ( J J ) 
RETURN 
END 
A1.4 GPL0T3 Spectra p lo t t i ng programme 
c 
c 
c 
C GPLOT3 
C 
C GRAPH PLCTTEP, ROUTINE TO GIVE V ARIBLE X AND V AXES PLUS MULT IPLE 
C RAND PLOTTING UN SINGLE SHEET 
C 
C 
DOUBLE PRECIS ION Z 
C 
D l f F N S I C N X! 5CHOi , V !. 5 C 0 0 J » X X ( 5 0 0 "i , 5 i , Y V ( 5 C 0 0 » 5 > ' ' 
D IMENSION X A X I S ( 5 0 ) , Y A X I S ( 1 1 ) , Y Y A X I S ( 1 1 ) , T I T L F ( 2 0 ) 
D IMENSICN Y N A X I S ! 1 1 I 
C 
DATA Y A X I S / ' O . 0 ' , , O . l , . ' O . 2 , , . , 0 . 2 ' , ' 0 . 4 ' , ' C . 5 ' , ' C . 6 ' , ' 0 . 7 ' , ' 0 . e ' , 
X ' 0 . 9 ' , • I . 0 ' / 
DATA YYAXI S / ' f . ' . C f , ' 0 . 2 5 ' , ' C . 5C • , ' 0 . 7 5 ' ' , ' 1 . 0 0 ' , • 1 . 2 5 * , • 1 . 5 0 ' , 
X ' 1 . 7 5 ' , • 2 . 0 ' , • 2 . 2 5 ' , ' 2 . 5 0 ' / 
C 
1 FORMAT(2 0A A) 
2 F O R M A T ( 1 3 , 1 3 , F 5 . 1 , 1 3 1 
3 F O R M A T ( 1 3 ) 
4 FORMAT ( 2 1 3 ) 
5 FORMAT!1 H O , • NSETS = ' , 1 3 ) 
6 FORMAT ( 1 H C 2 C A 4 ) 
7 FORMAT (1 H O , ' NCURVE = « , I 3 , 5 X , « NS = ' , I 1 , 5 >, ' XSCALE = ' , F 5 . D 
8 F O R M A T ( 1 H 0 , ' DATA AS R E A C IN • ) 
9 FORMAT(1H , ( 5 ( 3 X , F 9 . 2 , F 8 . 4 ) ) J 
11 F U R M A T ( 5 ( F 7 . 2 , F T . 4 , 1 X ) I 
12 FORMAT< 1 H 0 , 1 NA = • , I 1 , 5 X , • NOLT = ' , 1 1 ) 
13 F C R M A T ( 1 H 0 , ' DATA FCR PLOTTING ' ) 
14 F O R M A T ! I H C , ' XSCALE = ' , F 6 . 2 ) 
16 F O R M A T ( F 7 . 2 , F 7 . 4 ) 
1 0 0 1 ' FORMAT ( / / 1 H ' , 10X ., 6HX-AX I S / 1 9h .STARTING. POINT , F 1 0 . 2 / 
C IH , 1 8 H F I N I S H I N G POINT , F 1 C . 2 ) 
1 0 0 2 FORMAT ( / / I F , 1 1 0 , 1 5 h POINTS TC P L O T / ) 
1 0 0 3 FORMAT!1 HO»* SSJ = ' , F 6 . 2 , 5 X , ' J J = « , I 3 ) 
C 
c 
R E A C ( 5 , 3 ) NSETS 
C NSETS= NUMBER. OF SERIES CF CURVES TO PLOT 
C NOT OPERATIVE AS YET - SET EQUAL TO 1 
C 
C 
102 R E A D ( 5 , 1 ) ( T I T L E ( I ) , 1 = 1 , 2 0 ) 
R F A D ( 5 , 2 ) N C U R V E , N S , X S C A L E , X S l 
C NCURVE= NUMBER OF CU«VES PER PLOT 
C 
C NS=1 GIVES ACSOPBANCF SCALE FPCM C TO 1 
C NS*2 GIVES ABSORBANCE SCAIE FROM 0 TO 2 . 5 
C 
C XSCALE= FREQUENCY INTERVAL PER INCH C F GRAPH PLCT 
C XS1=0 GIVES STRAIGHT-FORwARD fcAVENUMBER SCALE 
C XS1=*1 GIVES ROUNOEC OFF WAVENUMPEP SCALF 
c 
c 
R E AD I 5 , 4 ) NA.NCUT 
C 
C NA=1 READS IN TP A N S M I T T ANC E DATA I N INCREASING V.AVENUM3ER CRCER AND 
C PLOTS TRANSMITTANCE SPECTRUM 
C NA=2 READS IN AHSPRBANCF DATA IM INCREASING kAVENUMBER CRDEP ANC PLCTS 
C AESCPHANCF SPECTRUM 
C NA = 3 BEADS IN TPANSMITTANCE C AT A IN INCREASING WAVENUMRER CRCER AND 
C PLOTS ABSOR EAMCF SPECTRU M 
C NA=4 READS IN CCH05277 DATA AND PLCTS ABSORB ANC E SPECTRUM 
C NA=5 PLOTS ABSOPUANCE SPECTRUM WITH NEPER HETRE *2 MOLE - 1 SCALE 
C N A * 6 PLCTS ABSORB ANCE WITH NEPER METRE - 1 SCALE 
C NA=>7 READS IN ABSORB ANCE DATA I N DECREASING I* AVE NUMB5 R C-ROER AND 
C CONVERTS TO INCREASING WAV ENUMBER ORDER 
C 
C NGUT=G GIVES NORMAL DATA L I S T t N G ' ' 
C NOUT=l GIVES ADDIT IONAL CAT A FOR ERROR SEARCHING 
C 
C 
I F ( N A . E C 5 ) GO TO 500 
I F I N A . E Q . 6 ) GO TO 580 
GO TO 5 0 1 
5 0 0 R F A C ( 5 , 4 5 1 ) PATHL.CCNC 
C PATHL=PATHLFNGTH (CM) 
C CONC=CONCENTRATION (MOLES CM - 3 ) 
4 5 1 FORMAT I E12 . 3 , E 1 2 . 3 I 
CONC = CONC*1CCC'OOO.C 
PATHL = P A T H L / 1 0 0 . 0 
W R I T E ( 6 , 4 5 2 ) PATHL.CCNC 
4 5 2 FORMAT ( 1 H 0 , ' PATHLENGTH = ' . F ^ . l , ' METRE ' . 5 X , ' CONCENTRATION 
1 = ^ 1 2 . 3 , ' MOLES "ETRES - 3 • ) 
CL=PATHL*CONC 
W R I T E < 6 , 4 5 3 1 CL 
4 5 3 FORMAT ( I HO t ' CLT = ' , £ 1 2 . 3 , ' MOLES METRE - 2 ' ) 
GO TO 5 0 1 
580 R F A C 1 5 . 4 8 0 ) PATHL 
C PATHL= PATHLENGTH (CM) 
4 8 0 , F O R M A T ( E 1 2 . 3 ) 
P A T H L = P A T h L / 1 0 0 . 0 . 
W R I T F ( 6 , 4 8 1 ) PATHL 
4 8 1 F O R M A T ! l H O t • P A T H L E N G T H = • , E 1 2 . 3 , ' M E T R E ' I 
CL=PATHL 
. 5 0 1 I F ( N O U T . E Q . O ) GG TC 49 
W R I T E ( 6 , 6 ) ( T I T L E ( I ) , l ^ l , 2 0 ) 
W R I T E 1 6 . 5 ) NSETS 
W R I T E ( 6 , 7 ) Nf.URVE , NS, XSCALE 
W R I T F < 6 , 1 2 ) NA.NOUT 
4 9 CONTINUE 
I F { N O U T . E Q . O > GO TC 248 
W R I T E ( 6 , 8 ) 
2 4 8 CONTINUE 
0 0 50 J=1 ,NCURVE 
1 F ( N A . N E . 4 ) GO TO 115 
K = l 
100 R E A D ! 8 , 1 6 , E N D = 1 5 ) ( X ( K ) , Y ( K ) ) 
I F ( N 0 U T . F 0 . 0 ) GO TC 17 
W R I T F ( 6 , 9 ) ( X ( K ) , Y ( K ) ) 
17 CONTINUE 
I F ( X ( K ) . E C 0 . 0 ) GO TO 18 
GO TO 19 
18 N P = K - l 
GO TC 15 
19 K = K + 1 
GO TO 100 
15 NA=3 
GO TO 350 
115 L = l 
M= 5 
10 R E A D ( 8 , 1 I , E N O = 1 0 1 ) ( X ( K 1 , Y ( K ) ,K=L ,M) 
I F ( N G U T . E C 0 ) GC T C 4 8 
W R I T E l 6 , 9 ) ( X ( K ) , Y ( K ) , K = L , M ) 
48 CONTINUE 
0 0 2 0 1 = 1 , M 
I F ( X I I ) . E Q . O . O ) GO TO 25 
GO TO 20 
25 N P = I - 1 
GO TO 101 
20 CONTINUE 
L = L + 5 
M=L + 4 
GO TO 10 
I C 1 CONTINUE 
W R I T E I 6 . 9 9 9 ) NP 
9 9 9 F 0 R N ! A T ( 1 H 0 , ' " N P * ' , 1 4 ) 
GO TO t 1 5 0 , 2 5 0 , 3 5 0 , 4 5 0 . 3 5 0 , 3 5 C , 4 5 0 ) , N A 
' 450 00 26 K = 1 , N P 
XXI K , J I = X ( N P -K -f 1 ) 
26 Y Y ( K , J ) = Y ( N P - K * l ) 
GO TO 50 
150 DO 126 K = 1 , N P 
X X ( K , J ) = X ( K ) 
YY( K » J ) = Y ( K ) 
126 I F I Y Y I K , J J . G T . l . O ) Y Y ( K , J | = 1 . C 
GG TO 50 
250 DO 2 2 6 K = 1 , N P 
XX(K , J ) = X(K ) 
Y Y ( K , J ) = Y ( K ) 
226, CONTINUE 
IF ( N O U T . E O . O ) GO TC 50 ' ' 
H P I T E I 6 , 9 ) t X > I K , J ) , Y Y ( K , j ) , K = 1 , N P ) 
GO TO 50 
3 5 0 DO 326 K = 1 , N P 
X X ( K , J ) = X ( K ) 
Y ( K ) = 1 . 0 / Y ( K ) 
Y { K ) = ALOG(Y( K) ) 
I F I N A . E Q . 5 1 GO TO 3 36 
I F I N A . E Q . 6 ) CO TO 3 3 6 
GO T 0 ( 3 3 0 , 3 3 1 ) , N S 
3 3 0 IF I Y ( K ) . G T . I . C 0 0 0 ) GO TO 329 
3 3 1 I F ( Y ( K ) . G T . 2 . 5 0 0 0 ) GO TG 327 
I F ( Y ( K ) . L T . O . O O O C ) GO TC 328 
GO TO 336 
3 2 7 Y ( K ) = 2 . 5 0 O 0 
GO TO 3 36 
3 2 8 Y ( K ) = 0 . 0 0 0 0 
GO TO 3 3 6 
3 2 9 Y I K ) = 1 . C 0 0 0 
3 3 6 Y Y ( K , J ) = Y ( K ) 
3 2 6 CONTINUE 
Bf iFKEC=BFKEO/XSC AL F 
J BF R F Q=I N T ( b l !FREQ* 1 . 0 ) 
JBFPEQ=JUFREC*JXSCAL 
S F R E 0 = F L O A T ( J S F R F Q ) 
B F R E 0 = F L 0 A T ( J R F P E Q ) 
80 S S J = ( B F o . E U - S F R E O ) / X S C A L E 
J J = l N T ( S S J + 0 . 5 ) 
0 0 6C K = 1 , J J 
6 0 XAX I S ( K I = SFRFO + XSCALE.*.(K ) 
WRITE « 6 , K G 1 ) SFRECiBFREO 
WR I T E ( 6 , 1002 ) NP 
WH I T F ( 6 , 1 0 0 3 ) S S J . J J 
C HAS CALCULATED THE XAXIS VALUES TC BE PLCTTEC ACCORDING TO C AT A 
C DRAWS ANC LABELS BOX 
CALL P A X I S I 2 . 0 , 1 . 0 , • ' , - l 7 , - S S J , 0 . C , S F R F Q , X S C A L E 
1 - 1 . C ) 
I F I N M . E Q . I S GG TO 7 2 
C AL t P A X I S ( 2 . 0 , 1 0 . 0 • , - 1 0 , - 9 .0 , 27C-.O.C . 0 , 0 . 1 1 1 1 , C.S ) 
GO- TO 73 
72 CALL PAX I S (2 . 0 , 1 0 . 0 , ' ' , - 1 3 , - 9 . C , 2 7 0 . C O . 0 , 0 . 1 1 1 1 , 0 . 
7 3 CALL PAXI S ( 2 . C + S S J » 1 0 . C » ' ' , 5 , - S S J , 1 80 . C , n . 0 , X S C AL E , - I . 0 > 
CALL P A X I S ( 2 . 0 * S S J , 1 . 0 , 1 H , l . C , - 9 . C , ° 0 . C , S F R E Q , 0 . 1 1 1 1 , - 0 . 9 ) 
GO TO ( 7 0 , 6 9 , 6 9 , 6 9 , 6 8 , 6 7 ) , N A 
6 9 CALL P S Y M B ( 1 . 2 , 4 . 6 2 , - G . 1 R , 1 0 h A E S O R B A N C E , 9 0 . 0 , 1 0 ) 
GO TO 71 
7 0 CALL PSYMB ( 1 .2 , 4 . 6 2 . - 0 . 1 8 , 1 3>-TK ANSM1TT Af.'CE , S O . O , 13 ) 
GO TO 71 
6 8 CALL P S Y M B ( 0 . 7 , 4 . 6 2 , - C . 1 3 , 2 2 H N E P E R f F T P E +2 MCLE - 1 , 9 0 . 0 , 2 2 ) 
GO TO 71 
67 CALL P S Y M B ( 0 . 7 , 4 . 6 2 , - T . 1 8 , 1 4 h K F P E P f E T •< E - 1 , 9 0 . 0 , 1 4 ) 
71 CALL P S Y M B 1 2 . 0 , 1 0 . 2 5 , - 0 . 2 , T I T L E , C . C , 8 0 ) 
S S J l = S S J / 2 . 0 
CALL P S Y M B 1 S S J 1 + I . 0 , 0 . 3 , - 0 . 1 8 , 17HWA VEMUf-'REP ( C M - 1 ) » 0 . 0 , 1 7 ) 
Y J = 0 
J J7 = J J+ 1 
DO 32 J = 1 , J J 
Z = X A X I S ( J ) 
CALL PFNMBR ( ( Y J * P . 1 ) + 2 . 2 , "> . 75 , ( . 13 , Z , 0 . 0 , ' F 6 . 1 * ' ) 
32 YJ = YJ+-10 
I F ( N A . E Q . 5 ) GO TO 163 
I F ( N A . E Q . 6 ) GO TO 163 
GO T 0 ( 6 l , 6 2 l , NS 
6 1 DO 4 0 1 = 1 , 1 1 
40 CALL P S Y M B ( I . 6 C , ( I * 0 . 9 ) + C . 0 3 , - C . 1 3 , Y A X I S I I ) ,0 . 0 , 3 ) 
CALL PL T O F S ( S F R E Q , X S C A L E , 0 . 0 , 0 . 1 1 1 I , 2 . 0 , 1 . 0 
GO TO 63 
62 DO 4 1 1 = 1 , 1 1 
4 1 CALL P S Y M b ( 1 . 5 0 , ( 1 * 0 . 9 ) • 0 . 0 3 , - 0 . 13 ,YYA X I S( I 1 , 0 . 0 , 4 ) 
CALL P L T O F S ( S F t ; E Q , X S C A L E , 0 . 0 , C . 2 7 7 7 , 2 . 0 , 1 . 0 ) 
GO TO 63 
163 A M A X = A H A X / 1 0 . 0 
I A M A X = ! N T ( A M A X + l . O ) 
A M A X = F L 0 A T ( I AH A X ) 
AMAX = Ah-AX*10 . 0 
Y S = A M A X / 1 0 . 0 
W R I T E I 6 . 9 1 ) YS 
91 F OF M A T ( 1 H O , ' YS = » , F 1 0 . 2 ) 
DO 7C0 J = l , l l 
7 0 0 Y N A X I S U )=YS + ( J - l ) 
W R I T E ( 6 , 7 4 1 ) ( Y N A X I S ( J ) , J = L , l l ) 
7 4 1 FORK A T ( I H O t ( 6 F 1 0 . 2 ) ) 
DO 730 J = 1 . 1 I 
7 = Y N A X I S ( J I 
7 3 0 CALL P F N M B R ( 0 . 9 , ( J + 0 . 9 ) * 0 . 0 1 , - C . 1 3, Z , O . C , «f 6 . 1 * M 
A M A X 1 = A M A X / 9 . C 
CALL P L T n F S ( S F R E 0 , X S C A L F , 0 . C . A M A X l , 2 . C , l . 0 ) 
63 CALL P E N U P ( 2 . 0 , 1 . 0 ) 
NN = C4 
DO 33 J = 1 , N C U R V E 
I F ( N A . N E . 7 ) GO TC 160 
CALL PL INE < X X ( 1 , J » , Y Y ( 1 , J ) , N P , l , ' 5 f N N , 1 . 0 J 
GO TO 161 
160 CALL PL 1NE ( X X ( 1 , J ) ,YY I 1 , J ) , ,MP, 1 , 0 , 0 , 1 . 0 I 
I f c l N N = N N * C l 
33 CONTINUE 
CALt- PLTENO 
N S E T S = N S E T S - 1 
I P ( K S E T S ) 1 0 3 , 1 0 3 , 1 0 2 
103 CALL E X I T 
END 
S6o 
50 CONTINUE 
0 0 51 J = 1 , N C L R V F 
00 2 1 K = i , N P 
1 F ( Y Y ( K , J ) . I T . 0 . 0 ) GO T C. 27 
CO TO 21 
27 Y Y ( K , J ) = 0 . 0 
21 CONTINUE 
I F ( N O U T . E Q . O ) GC TC 51 
W R I T F ( 6 , 9 ) ( X > ( K f J J , Y Y ( K , J ) , K = l , N P ) 
51 CONTINUE 
GO TO < 6 G x , 6 C 0 , 6 0 C , 6 ( 0 , i 2 1 , 6 2 1 , 6 0 0 ) ,NA 
6 2 1 DO 4 3 0 J=1 ,NCURVE 
DO 4 3 1 K = l , N F 
Y Y ( K , J ) = Y Y I K , J ) / C L 
4 3 1 CONTINUE 
W R I T F ( 6 , 9 S 7 ) ( Y Y ( K , J ) , K = 1 , N P ) 
9 9 7 F O R M A T ( 1 H 0 , 5 < 5 X , € 1 2 . 3 ) » 
A M A X = 0 . 0 
PO 4 4 0 K = l , N P 
I F ( Y Y ( K , J ) . G T . A M A X ) GC TC 4 4 1 
GO TO 4 4 0 
4 4 1 A M A X * Y Y ( K , J ) 
4 4 0 CONTINUE 
4 3 0 CONT INUE 
I F I N A . E Q . 6 ) GO TO 739 
W R I T E I 6 . 4 4 2 ) AMAX 
4 4 2 FORM A T ( I HO t ' MAXIMUM ABSOPBANCE = ' , £ 1 2 . 3 , ' NEPER METRE + 2 MOLE - I 
1 ' ) 
GO TO 740 
7 3 9 WR I T E < 6 , 7 4 2 ) AMAX 
742 F O R M A T ! 1 H 0 , • MAXIMUM AeSCRBANCE = • , E 1 2 . 3 , •NEPER METRE - 1 ' ) 
7 4 0 W P I T F I 6 , 13 ) 
DO 4 3 6 J = 1 , N C U R V F 
4 36 W R I T E I f , 4 4 3 ) ( X X » K , J ) , Y Y ( K , J ) , K = 1 , N P ) 
4 4 3 FORMAT(1 H O , ( 5 X , 5 ( F 8 . 3 , E 1 0 . 2 , 5 X 1 ) ) 
GO TO 47 
6 0 0 I F I N O U T . E Q . O ) GO TC 47 
W R I T F ( 6 , 1 3 ) 
. .DO 4 6 - J = l , N C U P V E 
W R I T F ( 6 , 9 ) ( ( X X ( K , J ) , Y Y ( K , J ) ) , K = 1 , N P » ' 
46 CCNTINUE 
4 7 CONTINUE 
C. N B . ALL DATA SETS TO BE PLOTTED ARE TO BE OF THE SAME LENGTH AN 0 
C START AT THE SAME FREQUENCY 
C DETERMINES CCNV EN IENT STARTING ANC F I N I S H I N G FREQUENCIES FOR PLOTTING 
S F R E Q = X X ( 1 , 1 ) 
BFPEQ=XX(NP, 1) 
I F ( X S l . E Q . O ) GO TO 80 
T=BFP. EQ-SFREQ 
T = T / 1 5 . 0 
T = T / 1 0 . 0 
I T = I N T ( T H . Q ) 
I T = I T * 1 0 
T = F LOA T I IT > 
XSCALE=T 
W R I T E 1 6 , 1 4 ) XSCALE 
SSFPFO=SFRfcQ/XSCALE 
J S F R E O = I N T ( S S F R E Q ) 
J X S C A L = I N T ( X S C A L E * 0 . 5 ) 
JSFPEO=JSFREO*JXSCAL 
A1.5 RIINTEN In tens i t ies from re f rac t i ve index programme 
c 
c 
c 
C PROGRAMME TO COMPUTE I N T E N S I T I E S , DELTA, F I , C I FROM R . I . DATA 
D IMENSION D E L T ( L O O ) , F F I ( 1 0 C ) , F G I U O C l 
R E * C ( f l , 7 ) N S E T S , N S I G 
C NSETS= NUMBER OF FREQUENCY REFRACTIVE INDEX PAIRS 
NS=NSETS 
C C N S T 3 = 1 . 0 
C N S I G = 1 F I CALCULATED 
C =2 GI CALCULATED ' 
7 F 0 P M A T 1 2 I 3 ) 
R E A D ( fl , 2 ) FREQI 
I F I N S I G . E Q . l ) GO TO 6 
R E A 0 ( 8 , 2 > HALF 
C H A L F - HALF-BAND WIDTH • , 
J = 0 
R E A D ( 8 , 9 0 ) CCNST1.CCNST2 
90 FORMAT(2E 7 . 1 ) 
6 R E A C ( B , 1 ) RDX1 ,RDX2 
1 F 0 R M A T ( 2 F 8 . 5 ) 
R E A C ( 8 , 2 ) FR EC 1,FR EQ2 
2 F O R M A T ( 3 F 8 . 4 ) 
R 0 I F F = R D X 1 - R D X 2 
A = 3 . 1 4 1 5 9 * * 2 
A = A * 2 
A = A * R D I F F 
I F I N S I G . E Q . 2 ) GO TO 20 
R K = F R E G I * * 2 - F R E Q 1 * * 2 
B L = F R F Q 2 * * 2 - F R E 0 I * * 2 
GC TO 2 1 
2<"> TOR 1 = H A L F * F R E C 1 
T 0 R 1 = T 0 R 1 * * 2 
B K = F R E C I * * 2 - F P E Q 1 * * 2 ' 
T O R 1 = T 0 R 1 / B K 
BK = BK + T Q R I 
B L = F R E Q 2 * * 2 - F R E Q 1 * * 2 
TOR2=HALF*FREQ2 
T O R 2 = T C R 2 * * 2 
T 0 R 2 = T C R 2 / B L 
B L = B L + T 0 R 2 
21 0 K = 1 . 0 / B K 
B L = 1 . 0 / B L 
B= BK + BL 
A I = A / B 
W R I T E ( 6 , 4 ) P . C X l , R D X 2 , F R E C l , F R E C I , F P E Q 2 
4 FOPMAT< I H O , ^ 0 X 1 = ' , F 8 . 5 , ' P DX2= • , F 8 . 5 , / • F P EQ I = ' . F a . 4 , ' F REQ 1= • 
1 . F 8 . 4 , ' FREC2= ' , F 3 . 4 ) 
I F I N S I G . E C . 2 ) GO TO 11 
W R I T E ( f > , 1 0 l P C I F F . B 
10 FORMAT ( I H , ' C E L T A = ' . F S ^ , ' F I = S E 1 0 . 3 ) 
GO TO 13 
11 W R I T F I 6 . 1 2 ) RD I F F , B 
12 F O R M A T ( I H , ' D E L T A = ' , F 8 . 5 , • G I = ' . E l O . S ) 
13 W R I T E ( 6 , 3 ) A I 
3 F C P N . M U H , * ABSOLUTE INTLNS I TY= • , E 1 0 . 3 . • C M - 2 « ) 
J = J + 1 
D E L T ( J ) = R C I F F *CONST 1 
I F ( N S I G . E C . 2 ) GO TC 30 
FF I ( J ) = B * C 0 N S T 2 
GO TC 31 
30 F G I ( J ) = B * C 0 N S T 2 
N S E T S = N S E T S - 1 
1 F 1 N S E T S . G T . 0 ) GO TC 6 
31 I F ( N S I G . E C 2 ) GO TO 50 
0 0 4 1 J M . N S 
41 W R I T E 1 7 . 4 0 ) C E L T ( J » , CCNST3 
DO 4 2 J = 1 , N S 
42 W R I T E ( 7 , 4 0 ) FF I ( J ) , C 0 N S T 3 
GC TO 5 
40 F O R M A T ! 2 E 1 2 . 4 1 
50 DO 5 1 J = 1 , N S 
51 W R I T E ( 7 , 4 0 ) D E L T ( J ) , CCNST3 
DO 52 J = l , N S 
52 W R I T E ( 7 , 4 0 ) F G I ( J 1,CCNST3 
5 CALL E X I T 
END 
A1.6 Data input l is t ings ' 
PROGRAMME C H K 6 ! F TR AN 3 
P R I V A T E n i S K MTS<?67 
,OF.VE>.CP wENT DP F T K AM \ 1 
PKGGPAMWE TH CCMPUTE TRANSMISSION SPFCTRA FROM [ NT FH F E» UGR A". DATA 
T H I S V E R S I O N I S DIMENSIONED FUR 2 0 A 8 POINT TAPFS 
N U K M A l . i S E O OR NON-NORMAL I SEO Sl.NGLF HFAM-S.PEf.TRA ARE PLOTTED 
R A T I O E D SPECTRUM CALCULATED FROM NON-NORMALISED TRANSFORMED CLEMENTS 
I N P U T / O U T P U T D E V I C E S 
5 - T A P E INPUT=FILENAMF ( E G C B A l l l , 2 . > ) \ 
8 - C A R D I N P U T = * S O U F C E * 
( .=PPINTER OUTpi|T=»S INK* 
7=C.ARD 0'JTPUT=«>PUNCH* 
R E A L M E ) U S E T S ( 1 3 ) 
NSCTS = NLWBER CF DATA S E T S 
R r l A D t P ) N ( T ^ l , r S I N T ( 2 X . F 5 . ? ) . C P F O I ( 2 X . F 7 . 2 ) , F P E O H l 2 K , F 7 . ? ) , K > P U T ( 2 K , I I 
fv S I G ( 2 X « U I , N A U S ( 2 X 1 L ) , N Q U T ( 2 X ! I I , N C A P . O ( 2 X 1 11 , NORM ( 2 X I M 
N = N ' J M B E R O F P O I N T S T O B E T R A N S F O R M E D 
F S I N T = S A M f L I N G I N T E R V A L I N M I C P C N S 
F £ F C L = L C W F R F R F G U E N C Y L I M I T I N C M - l 
f F E £ H = U P P E R F R E Q U E N C Y L I M I T I N C M - l 
I C P U T = N U M R E R O F O U T P U T P O I N T S P F K R E S O L U T I O N 
( 1 T O 5 C N L Y ) 
N S I G = l F C R R A T I O E C S P E C T R U M 
= 2 F O R S I N G L E S P F C T R U M 
N A H S = 1 R A T I G E D A R S C P P 3 N C E S P E C T R U M I S P I O T T F D 
= 0 P A T I O E D T R A N S M I T T A N C E S P F C T R U M I S P L O T T E D 
N C U T = 0 G I V E S N O R M A L L I S T I N G C F I N T C R M F C I A T E D A T A 
= 1 G I V E S S P L C T C A r,\'l. Y 
= 2 G I V E S F U L L L I S T I N G r c » FPRpo S E A R C H I N G 
NC A K 0 =0 G I V F S N." r. AID | T r> u T 
= 1 G I V F S rAm:• r i : i P u T O F P A T I T F O S P E C T R U M 
= 2 G I V F S C A R O O U T P U T O F S I M O L T S P E C T R U M 
( S P F C T k . U CARD f.UTPilT I N F O P v A T S ( F7 .2 , f y . / , , i x ) G I V I N G FQEQUFNCY ( C . M - 1 ) 
AND F I T HI: R TR A K S MI T T A N C F OP A Q ,S03RANCF D A T A ) 
NCCM=0 G I V E S NORMALISED S I N G L E SPECTRA 
= 1 G I V E S NON-NORMAL I S F O S I N G L E S P E C T R A 
K E AD(8 ) I ( J ) , J = 1 1 , 1 3 ( 3 1 2 ) , I ( J ) , J = 1 A , 1 5 ( 3 X , A ^ , I X , A 4 I 
I ( 1 1 ) = O A Y ( N U ^ E R I C ) 
I ( 1 2 I = M C N T H ( N U M F R I C ) 
1 ( 1 3 1 =YFAR(NUMER IC ) 
I ( 1 4 ) = S A M P L E TAPE R E F E R E N C E NUMBER 
1 ( 15)=13ACKGP0UND TAPE R F F F P . E N . C F MJ HflE 
Rt AO I 8 t V ( J I ,.1 = 3 , 6 1 M F 6 . 3 ) 
V ( 3 ) = S A M . P | . E C O U R S F G A I N S E T T I N G 
V < M = S A P P L E F I N E G A I N S E T T I N G 
V (5 I - B A C K G P C U N D C O U R S E G A I N S F T T I N G 
V ( 6 ) = B A C K G R O U N D F I N E G A I N S E T T I N G 
R t A O ( C ) ZX(20A<t» 
Z X = T I 7 L E O F S P E C T R U M 
RF.A0 15) » ( ARRAY) ( 2 0 F ^ . 0 ) 
M=V/!t.llES OF I N T E R F F PCGR A^ FUNC.TICN FRGM TAPE 
(PACK GROUND TAPE RFAO TN P 1 R ST A NO THFN SAMPLE TAPE) 
READS IN 1.1 ATA C R C THF TfcP£ F I I E , F F TlIC c S T HE A R | ) AY H A T A T O THE N E C E S S A R Y 
NUMBER O F POINTS F I T H E R SI OF. O F ZERO P A T H n I r r- P C F NC 17 , t- - " E A T S THF F I R S T 
O R LAST C A T A POINT I F TAPE I S T r r SHORT i>t_\-<;oc l a A r T i; o T H F ' - lAXP-'U". 
AUTOCORREL ATF S , NOP M AL I Sr. S ^Nn APCintS^S THF I N T F P F F R CG R A M ; C O O I F Y - T l ' K F Y 
T PA rjs T I ; P v s , N C P M AL IS FS A N P P L O T S T H E H A C K GR OIJND AMn s A-MU <~ S I N G I F S P F C T M A . 
F A T It 'S < A-'-'fLP r c P iCK ^ . " l i l ' i l l V ' M P| r T S o*. T l f ' F O S i ' P f T a i r i A S C I TM = P 
7 ? A^ S " I T TAV'C F OR - \ 3 S ' T » I U V . ! 
PROGRAMME C H K 6 : D C H 0 6 2 3 
P U B L I C D I S K 
PROGRAMME TO P R O C E S S D I S P E R S I V E ( P H A S E ) SPECTRA 
C . BARKER 
C A L C U L A T E S AVE 3 AGE PHASE r\I \ C T I O N S tKV. R E PR ACT IV E INDEX / FREQUENCY C UP VE 
bV THE METHOD O F CHAMBERLAIN. AMD G E B BI F , > • . 
INPUT/OUTPUT D F V I C E S 
5=CARD I N P U T = * S n U R C E * 
7 = R Af.K GROUMO PHASE FILFNAME 
9=SAMPLE PHASE F ILENAME 
6=L1NE PRINTER OlJTPl T =* SI NK* 
R E A D ! 5 ) N S E T S ( I 3 ) , N O P H ( I 3) , N O S ° H ( 1 3 ) , N P H V ( I 3 ) , N A V E R ( I 3 I 
N S E T S = NUMBER 0^ S E T S CF DAT A 
M0PH=1 G I V E S PHASE Cl l^VE FOR EACH DATA SET P L U S AVERAGE 
- 2 G I V F S AVERAGE PHASE CURVE ONLY 
= 3 G I V E S NO PHASE C U R V E S . - . x 
NCSPH = 0 RC ADS PHASE F RC ^ INPUT T E V I C E 5 (= ' : S O U R C c * ) 
= 1 READS BACKGROUND PHASE FP.nM F I L E 7 A NO SAMPLE PHASE FROM F I L E <? 
NPH*=0 C.ALCULATICN F C P A PURE I ICU ID no A S O L I D 
=1 C A L C U L A T I O N FOR A SOLUTION 
NAVER= NOT USED AS YET 
RE AD ( 5) N R K G ( 1 3 ) , N D I S ( I 3) • MN I I I , N P. ( I 3 ) , NS I GI ( I 3 ) . NS I G2 ( I 3 ) , NS IG 3 ( I 3 ) .NPHASt I 
NBP HA( 13) 
NBKG=NUMBER OF PHASF ^ACKGRCUNDS 
N CI S = MlH H E R CF SAMPLE PHASES 
NN=NUMBER OF PO INTS 
NC = NUMBF:R OF RUNS V* IT H D I F F f P F N T MEAN P f F P A C T I V E INOFX VALUES 
NSIG1=SAWPLING INTEFVAL IN •MCPCNS 
N S I G 2 = 0 G I V E S S I N G L F SC A C I MO fir POINTS IN R E F R A C T I V E I'.'HEX CUP.VF 
= 1 G I V E S SPACING OF POINTS POP COMPARISON Of C lJ l 'VFS WITH D l P F f R ^ N T 
NUMBERS OF P O I N T S 
N S I G 3 = 0 G I V E S R E F R A C T I V E INDEX Pl.OT 
= 1 G I V E S Or, L Y PHASE SPECTRA 
NPHAS = l RE AOS IN INSTRUMENT PACKCPOUND F P P SOLUTION C.DMPIJT A T I °Nf» 
= 0 DOE S NOT PEAD IN P> AC KGR OUN'O 
I F N O S P H = r i ( R E A D I N G P H A S E S F R O M * S O U R C F * 
R E A D ( 5 ) ( P H A S O ( J , M , J = l , N N ) ( 1 0 F 5 . 2 ) 
P F A S O = A R R A Y O F P. A C K (.P. Hi IMP O H A S F . S 
R E A 0 ( 5 ) ( P H A S S ( J , K l , J = l , N N ) ( 1 0 F 5 . 2 1 
PHASS=ARRAY OF SAMPLE P H A S E S . 
I F T4USPH=1 ( R F A D 1 N G P H A S E S F R O M F I L E S ) 
R E A D ! 7) ( P H A S O t J , K ) , J = 1 , N N ) < L O F 5 . 2 ) 
P H A S J = A R R A Y O F ' J A C K C P D U N ' P P H A S E S 
R E A D ! s\ ( P L I A S S ( J . M • J = 1 , N N ) ( l P 5 . 2 I 
P H A S S = A R R A Y O F S A M P L E P H A S E S 
I F NPHAS=1 I RE AD I NT, IN INSTRUMENT GACKC-RCUND PHASE FOR SOLUTION rfORK ) 
READ ( 5) ( Bf'H AS ( J ) , J = 1 , M I ) I 1 0 F 5 . 2 ) 
• L 1 P H A S = ARP.AY OF I N S T P U '•' I: N T P»CKGRCUKO .PHASES - -
1F NO I S P Q S I T I V F 
RE AD I b) OM( I 3) . R"F AM( F 10 . S) , PA THL l ( F 1 0 . S ) , F R E Q L ( F l D . ! : ) , ^ R c C ' H ( F 1 0 . , > ) , 
P A T H L - ^ l c i O . O t 
0M = INTFC.ER MJMfJt F CF RADIANS FOR J O I N I N G UP O R A N O E S 0 F PHASE CURVES 
R ME AN=ME AN VALUE OF R E F R A C T I V E INDEX C O P R E C T F O FOR SAMPLING ERRORS AT 
ZFRO PATH D I F F E R E N C E 
PATHL1 = PATHLEMGTH IN C O'JT I F T p F S ( FOP SOLUTION COMPUTATIONS T H I S . I S THE 
PATHLENGTH OF THE SOLUTION) 
F h E Q L = LCWFP. FPECUENCY OF CO VP! IT A T I ON IN CM-1 
FPFQH=UPPER L I M I T CF COMPUTATION IN C * - l 
PATHL2=PATHLENGTH CF SOLVENT BACKGROUND (ONLY P E O U I R E D FOR SOLUTION 
CDMPUTATIONS) 
S1 
FtEAD<5» Z T ( P O A ^ ) 
ZT = HEAO ING 
PROGRAMME CHK6 : F TP A N<» 
P U B L I C D I S K V E R S I f N OF FTRAN3 
PRGGRAMME C H K 6 : G P L O T 3 
P U B L I C C I S K 
CURRENT P L O T T I N G PROGRAMME 
T H I S V E R S I O N I S O lMENSICNED FOR 5" 'C POINTS 
INPUT /OUTPUT D E V I C E S 
5 = * S n M P C E * =CAPD INPUT 
6 = " S I N K * = P R I N T F R CU T PUT 
8 = - A = F I L E CONTAINING F R F OOFNf Y /TK AN S MI T T ANC E OR ABSOKRANCF DATA 
9= -XX = OUTPUT F I L E FOR *D! . iRPL0T INFORMATION 
P E A D I 5 ) N S E T S I I 3 ) 
NSFT S =NU MR ER OF "> E p 1 E S OF CURVES TO PLOT 
NUT O P E R A T I V E A S YE T - S E T E Q U A L ' T O 1 
R E A D ( 5 I ( T I T L E ! I ) , 1 = 1 , 2 0 ) I 2 0 A A ) 
T I T L E ( I ) , 1= I , 20 T I T L E OF SPECTRUM 
RE AD (5 ) NCUPVEl I 3 ) , N S ( t 3 » , X S C A L E ( F 5 . H . X S K ! 3 ) 
NCUPVE=NUMBER OF CUPVES PFR F L C T 
N S = l G I V E S ABSOPBANCE SC. Al E F R O M O TO 1 
=2 G I V E S ABSORRANCE SCALE E P D M o TO 2 . 5 
X SC. A L F = F R F OU E NC Y INTFRVAL PEP INCH CF GRAPH PLOT 
NUT R E Q U I R E D KHEN XS1 = I 
X S 1 = . J G I V E S STRAIGHT-FCRWARD. WAVENUMEER S C A L E WITH S C A L E FACTOR DEPENDANT 
UPON X S C A L F 
= 1 G I V E S R O U N C E C - C F F w AV FMIVL'F.P S C A I . F , XSCALE I S CALCULATED DEPFNDING 
UPON THE FRFOUENCY RANGF OF THE DATA 
R E A D ! S ) N A ( 1 3 ) , N C U T ( 1 3 ) 
= 1 READS IN T P. ANSM ITT ANC E DATA I N INCREASING w A VP Ni l ( 'P E'R OR'ICR AND P L O T S 
TPANSMITTANCE SPFCTPUM 
= 2 PEACS IN A US OR RANG E DATA IN I N C R E A S I N G WAVENIJM&FR OP D F T. AND PLOTS 
ABSOPPANCE SPECTRUM 
= 3 READS IN TRANSMITTANCE DATA IN I N C R E A S I N G '.-JAVFNUMBER. OPOFR AND PLOTS 
ABSORPANCE SPECTRUM 
= 4 READS IN D C h 0 5 2 7 7 DATA AND P L O T S A CI SOP BANC E S°FCTRUM 
= 5 P L O T S A ft SORfiANC E SPFCTPUM K I T H NEPER MFTHE + 2 *-'CI E - l S C A L F 
( R E A D I N G IN TR A NS M1 T T A NC E (FTRAN3) DATA > 
= & P L O T S ABSflRBANCE SPECTRUM WITH NEPER MCTRF-1 S C A L E 
(READING IN TR ANS M I TTAfjCE ( FTP AN 3 ) DATA ) 
= 7 READS IN A RSOR P ANC F DATA IN D E C R E A S I N G « A V E N U L E S CPDER AND PLOTS 
I N C R E A S I N G HAVENUMBFR ORDER 
NOUT=0 G I V E S NORMAL DATA L I S T I N G 
^1 G I V E S A P D I T I C N A L DATA FOR FRROR SEARCHING 
I F NA FOUAI S 5 ( P L O T T I N G NEPER M£TPE+2 M C L E - 1 S C A L E ) 
R E A D ( T>) PATHt. ( E L 2 . 3 ) , C O N C I E L 2 . 3 ) 
P ATHL = PATHLENGTH (CM) 
CCMC= CONCENTRATION OF APSORP.ING SUBSTANCE (MOLFS f.M-3) 
I F NA EOUALS 6 ( P L O T T I N G NEPER M E T R F - L S C A L E ) 
R E A D ! 5 ) P A T H L ( E 1 2 . 3 ) 
P ATHL = PATHLENGTH (CM) 
I F NA F O U A L S 4 ( R F A O I N G D 0 H ' S 2 7 7 D A T A ) 
R E A D ( 8 ) ( X ( K ) , Y ( K ) ) ( F 7 . 2 t F 7 . 4 ) 
X ( K ) = F R E O U E N C Y ( C M - l ) 
Y ( K ) = T R ANS M I T T ANC E 
I F NA NOT FCUAL TO 4 
R E A D ( P ) ( X ( K ) , Y ( K ) , K = L , M ) ( 5 ( F 7 . 2 , F 7 . ^ , l ; < ) l 
X ( K ) = r R E C U E N C Y IN C M - l 
Y (K) = ABSORBANCE OP TP A N SM1T T ANC F 
READS IN F ITHCR ARS0RL1ANCE OR T P A U S '•' I S SI ON DATA ( 5 PEP C - ^ D E X C E P T WITH Ht\-\ P. 
FOR DCHOS277 DATA) AND PLOTS A PS OP BANC F OR TRANSMISSION DATA AS I N C R E A S I N G H 
S C A L F S OF ARSOPIUNCF A V A i L A r i l F ARE ?..•? Af.'D 1 . 0 ARS^PPArO.E U M T S 
A L S C PLOTS A QS OR BANC E S P P C T R i n WITH NEPER * F T R F * 2 M O | . n - l SCALE 
pc NEPER M E T R E - l SCALE 
i 
19r< 
791 
792 
7 9 3 
794 
795 
7 9 6 
797 
798 
00 
01 
02 
03 
• t, 
05 
06 
••7 
808 
809 
r 
11 
12 
13 
14 
15 
816 
817 
818 
!«» 
f 20 
21-
822 
8 2 3 
8 ? 4 
925 
26 
827 
828 
29 
30 
31 
32 
33 
34 
35 
^ i . 
3 7 
3R 
39 
40 
41 
42 
43 
PROGRAMME CHK6:DCH. 69' 
P R I V A T E D I S K MTS967 
D t V E L C P H F N T OF CH5K:DCH059q • • 
P^OGPAM^c TO TRANSFORM D I S P E R S I V E ( A S YM ME TP I f.) I NT E R FE R OG R A MS 
T H I S V E R S I O N IS PI MFN'S I ("NED FOI-. 4 3 ° 6 POINT TAPES 
INPUT /OUT PUT P F V I C E S 
5 = TAPE I NPUT = F I L E NA ME (EG CBA1'( ] f 2T'' ') ) 
6=PR I NT FR O U T P U T = * S I N K * 
7=CAPD OUTPUT=*PUNCH* 
8=CARD I N P U T = * S O U R C E * 
R E A O ( 8 > NC ARO" 1 2 ) f N 0 U T { I 2 ) ,NCOR( I 2) ,NORM(I 2 > , N P C R D ( I 2) , N P E A D ( T 2 I 
NCAR D=>. G I V E S CARD CUTPIJT OF SPECTRUM 
(FORMAT 5 ( < = 7 . 2 , F 7 . 4 , I X ) ) 
=1 G I V E S NC CARD OUTPUT 
NCUT=0 G I V E S L I N E P R INTER+CARD OUTPUT I P NCARD=0 
=1 G I V E S CARD OUTPUT ONLY 
NC0R=1 PRODUCES A SPECTRUM C C P R E C T E D FOR GAIN S F T T I N G S 
NCRK=0 G I V E S NO NORMAL ISAT ION 
=1 G I V E S NORMALISATION 
NPCR0=1 G I V E S C ARC AND L I N E P R I N T E R OUTPUT FOR PHASF 
- ' , G I V E S L I N E PRINTER CNLY 
N R E A C = 0 DO NOT READ EXTRA DATA CARD 
=1 READS EXTRA DATA CARD 
WHEN NPEAP=1 
RfcA0(8) N I N T ( I 2 ) » NP HAS( I 2 ) , N C S P E C ( I 2 ) 
M1NT = - READS INTEPTERnGPAM F r: c u F I L E 5 
= 1 KEAOS IN TERFERr-GRA' l FROM 8 
NPHAS=' C A L C L i L A T I C N OF PHASE F^R A M PL I TUOF vrirUI AT 1 TV 
=1 C A L C U L A T I O N OF PHASE FOR PHASE MODULATION 
NSPEC = 0 G I V C S S P F C T P U ' ' PLOT 
= 1 TERMINATES PROGRAMMF AFTER PHASE V A L U E S HA V e P,r-r«>] P F T C ^ I N F D 
$k>lf 
RE AD ( 8 ) Nl 14) , S I ( P<- . I >, F L 0 to ( F 6 . 1 ) , F H I G n( F 6 . 1 ) , I 9 I I 3 > . I E I I 3 ) , N2 ( I 4 ) , 
I P ( 1 3 ) , !AP( 13) 
N=NUMBER. OF P O I N T S 
S I = SAMPL1NG INTERVAL MICRONS 
FLCW=LOWER FREQUENCY L I M I T IN CM-1 
F HIGH= UPPER FPFQUFNCY L I M I T IN C M - l 
IS=NUMRFR OF POINTS P C P P E S O L U T I C N ( 1 - 5 ONLY) 
. I S - N U V R E R OF TAPFS TC ?> F P R O C E S S E D "' 
= I FOP S I N G L E TAPE 
= 2 FOR R A T I O 
N2=NUMhER OF P O I N T S USED F O B DETERMINATION OF PHASE C O R R E C T I O N FUNCTION 
!P=."> G I V E S COMPU T ATICN CF S P E C T P U " F R O * O N F - S I D E D ( C O S I N E ) TRANSFORM 
=1 G I V E S COMPUTATION OF S P E C T F U " FROM TWO-SIDFD ( P O U F P ) TRANSFORM 
1AP = ;' TRANSFORMATION O C C U D S WITHOUT A P C D I S A T I O N 
=1 TRANSFORMATION OF APODISFD INTERFE«OGRAM 
R E A D ( R ) I I J ) , J = I 1 , 1 3 ( 3 1 2 ) , I ( J ) , J = 1 4 , 1 5 ( 3 X , A < i , I X , A M 
H l l ) = D A Y ( N U M F P I C ) 
I ( 1 2 ) - M C N T H ( N U M E R I C ) 
I ( 1 3 ) = Y E A R ( N U M E R I C ) 
I (14 )= SAMPi.E TAPE R E F E R E N C E NUMBER 
I ( lf))=DACKOiROUND TAPE R E F E R E N C E NUMBER • 
RE A D ( 8 ) V ( J ) , J = 3 , 6 ( ^ F 6 . 3 ) 
V ( 3 I = S A M P L E COURSF GAIN S E T T I N G 
V ( A I = S A M P L E F I N E GAIN S E T T I N G 
V(5 )=BACKGRCUNO COURSF GAIN S E T T I N G 
V ( M = BACKGROUND F I N E GAIN S E T T I N G 
R E A O ( H ) Z X I 2 0 A 4 I 
Z X = T I T L E OF SPECTRUM 
R E A D ! 5 ) Ml ARRAY) ( Zr F * , . : ) 
M = V.iL I.T. S i.!F ) H J r . n r - r ; , - r . - : - :< : - . J M - r . _ 
( EACK GKOUUO 7AP F PPA". I M f ' . n r r " ' 4 P i : 
' - n " r ^ - j f THFf : SAI-'l-'l.t.- T A P F I 
Offprinted from llie Journal of The Ciuinicul Society, Furaduy Tramaciions II. 1975, vol. 71. 
Vibrational Spectroscopic Studies on Ion-Molecule Interactions 
in Non-aqueous Solvents 
Part 1.—Far Infrared Studies on Tctra-n-butylammonium Chloride in Benzene 
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The far infrared absorption of solutions of tetra-n-butylammonium chloride in benzene has been 
examined as a function of concentration and temperature. Part of the absorption (both for liquid 
and solid solutions) arises from severely perturbed benzene molecules which must, therefore, be 
involved in " solvation " of ion aggregates. The whole spectrum is thought lo arise from vibrations 
of the solvaied, or maybe solvent separated, ion aggregates and from the collisions of severely po-
larised benzene molecules. The benzene perturbation is further reflected by the intensity enhance-
ment of the (eiu) band. The concentration dependence of the band intensity shows clearly that 
the ion aggregates are " breaking up " as the concentration is lowered. 
Evans and L o 1 published some far infrared spectra of tetra-alkylammonium salts 
in benzene and attributed bands in the 70-100 cm " 1 region to vibrations of ion-pairs 
or associated ion pairs in solution. The band positions were sensitive to the anion 
used and the shifts observed agreed quite well with those expected using simple 
considerations of anion mass. No consideration of the part played by the solvent 
was mentioned although if the salt dissolves at all then, clearly, solvation must occur. 
These results were later considered in the light of results obtained for various salts in 
polar solvents by French and Wood. 2 From the lack of solvent dependence of the 
band observed for N a + B P h ~ it was concluded that the solvent was not involved in 
the mechanism giving rise td absorption (even in highly solvating solvents such as 
pyridine and piperidine). More recently 1" 8 it has been shown that the origin of the 
bands which arise in the spectra of solutions of metal salts in polar solvents is related 
to the motions of the solvatcd cation, and that such spectra are solvent dependent 3 
(but largely anion independent). However, very little further work has been published 
on the origin of these far infrared bands in " poorly solvating " media, although 
models have recently been proposed 9 " 1 3 to explain the dielectric relaxation of tetra-
alkylammonium ions in non-polar solvents. Evans and Lo 1 pointed out that their 
spectra showed an asymmetry to low frequency which suggested the presence of 
unresolved bands. This was rationalised in terms of a planar rhombic model of a 
" double " ion pair cluster with 3 infrared active modes, only one of which could be 
positively identified in the spectrum. It is, however, established 1 4 that, at the 
concentrations used (0.05 mol d m - 3 ) , the ions are likely to form clusters containing 
up to 15 ion pairs, hence that the model used was unrealistically simple. As part of 
a new programme of research on ion-ion and ion-molecule interactions we carried 
out at detailed study of these absorptions as a function of solvent, concentration, 
phase and temperature for a variety of salts. Our major objective is to throw addi-
tional light on the nature and origin of these bands. We further hope to construct 
1322 1 
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a dynamic model which will satisfactorily explain the observed phenomena in terms 
of the co-operati\e motions of the ions and sohent in the liquid phase. This paper 
describes the data for tetra-n-buiylammonium chloride in the non-polar solvent 
benzene and shows in particular the enhanced value of the information collected by 
careful work in this very low frequency region using modern interferometric equip-
ment and proper data handling techniques. 
E X P E R I M E N T A L 
B.D.H. AnalaR benzene was used as solvent. It was dried over molecular sieves for at 
least two days before use. A Karl-Fischer titration showed <0.001 % by weight of water 
in the benzene solvent. The teira-n-buiylammonium chloride used was purchased from 
Eastman-Kodak Ltd. This salt was kept over calcium chloride in a dessicator and was used 
without further purification. The solutions were made "by weighing out the required amount 
of salt in a 10 cm 3 volumetric flask and then making up to the mark with dried benzene. 
The solutions were made up.as quickly as possible since the salt is deliquescent. Some 
solutions were kept over molecular sieves for a few days and the spectra recorded show the 
same intensities as those solutions without molecular sieves. The amount of water in these 
solutions was small (about 0.1-0.2%) and.did not noticeably affect the recorded spectra. 
The spectra show no iime dependence over a period of a week. 
The spectra were recorded using a Beckman-RllC F S 720 Fourier spectrometer giving 
tape output of the digitised inierferogram. The spectra were obtained in the conventional 
transmission mode over the range 20-250 cm""1 using a 50 gauge (12.5 nm polyethylene 
terephthalate) beam-splitter together with a white lens and 50 ^ m black polythene filter. 
Sufficient data points were recorded to give a resolution of 1.2 c m - 1 before apodisation for 
the double-sided interferogram, and a lime of recording of 35 min for each background and 
sample tape. The spectra were computed using our Cooley-Tukey Fourier Transform pro-
gram on the N U M A C IBM 360/67 computer. The 1024 points transformed gave a resolu-
tion of approximately 2 c m - 1 after apodisation. The lime of computation was typically 
160 s for a ratioed spectrum. The spectra illustrated are ratioed absorbance spectra, correc-
ted for gain differences, of solutions of tetrabutylammonium chloride in benzene against 
pure benzene solvent background. The intensities were determined from the areas under 
the absorption bands which were measured by using a planimeter afier drawing the " best " 
baseline by eye. As these bands are very broau the positioning of the baseline has a critical 
effect on the intensity computed. We tilted baselines by comparison of the profiles of the 
.absorption bands from different concentrations so that the high and low frequency limits of 
the absorption could be determined ; this method should give consistency over all the spectra 
measured. The ratioed transmission spectrum was also obtained on cards and the areas 
under the absorption bands calculated using a simple integrator program with a linear 
baseline. The " computed " and measured areas compared favourably and any dilferences 
were always within the limits of the precision of the measurements. A precision check was 
conducted by making up five solutions of 0.5 mol d m - 3 concentration of teirabutylammonium 
chloride in benzene and recording four spectra of each solution, refilling the cell for each run. 
The computed intensities of these 20 runs were then treated statistically, giving a root mean 
square deviation for the intensity and a coefficient of variation of + 6.5 u/0. (The " coefficient 
of variation " is defined as 100 times the root mean square deviation divided by the mean 
value.) This precision is depicted by the error bar on the concentration graph (fig. 6.). 
R E S U L T S A N D D I S C U S S I O N 
Fig. 1 shows the spectra of Bu jN ' C I - in benzene solution at several different 
concentrations between 0.3 and 0.7 mol d m - 3 . The asymmetry to low frequency of 
the band centred at about 115 c m - 1 is clearly evident. Our spectra are more clearly 
defined than those previously published, especially on the low frequency side, and 
there is no doubt that a distinct asymmetry does occur. This asymmetry, and 
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the extreme band width, account for the difference between our v n „ , and the published 
data (see table I). Although they ;ire not considered specifically here, we also have 
spectra of B u j N + sa&ts with other anions which confirm the v r a a l pattern with in-
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F I G . 1.—Spectrum of BujN f Cl" in benzene at various concentrations (A) 0.3 mol d m - 1 , 
(fl) 0.4 mol dm"*, ( C ) 0.5 mql dm - 1 , (D) 0.7 rod dm - 1 . Pathlengih is 0.2 mm in each case. 
creasing mass. The band at l ! 5 c m _ 1 therefore probably arises from some sort of 
ion aggregate and ifpm a " vibration " (or other phenomenon) in which both cation 
and anion take part. Our spectra are ratioed against the same pathlength of benzene 
so that, at least at first sight, they should not be affected by benzene " collisional " 
absorption in this region 1 5 (table 1). To further investigate the possibility of there 
being two bands in this region we decided to cool the solutions, thereby reducing the 
band widths and (hopefully) separating the absorptions. 
0.SO 
0 2 5 
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F I G . 2.—BulN'CI" in solid benzene at - 2 0 J C (obtained by ratioing at the same pathlengtb). The 
concentration is 0.75 mol dm - 1 . 
4 C . U A R k t R A N D J . Y A R W O O D 1325 
Fig. 2 shows the spectrum of a 0.75 mol d m - 3 solution al 253 K. raiioed against 
solid benzene at the same paihlength. The ion aggregate bund is still present, of 
course, when the solutions is frozen and there is clearly another band centred at about 
93 c m - 1 . For the solid material " collisional " bands arc converted into translational 
T A B L E 1 .—SPECTRAL PARAMETERS FOR LOW FREQUENCY ABSORPTIONS OF SOLUTIONS OF 
BuSN+CI - IN BENZENE 
c m " ' 
benzene 
" collisional " band 
c m - 1 d m J m o l - 1 c m " 1 c m " 1 
ion 
aggregate band 
Bit 
c m " 1 d ro 1 m o l " 1 c m " 2 
liquid benzene ( T = +20°C) 
l i t . 1 3 ( 7 = + 27°C) 
crystalline benzene 
(X = - 2 0 ° Q -
lit. 1 ' ( r = -100°C) 
liquid solution (7"= -r-20°C) 
(1.04 mol dm- 3 BuJN + CI~ 
in benzene) 
lit.1 (room temperature) • 
crystalline solution 
( T = -20°C) 
(0.7 mol dm" 1 BmN+CI-
in benzene) 
75 ± 2 
70 
97 
± 2 
80 ± 5 
90 
42 ± 2 
20 
45 
40 
54 
31 
74 ± 2 82 ± 5 (&00Y 115 ± 2 
120 ± 3 
52 ± 2 (5OQ0)" 
93 ± 1 22 ± 2 116 119 ± I 27 ± 2 (2420)" 
" Iniensity varies with concentration. 
lattice modes. One of the strongest lattice modes of crystalline b e n z e n e 1 5 " 1 7 is 
centred near 90 c m - 1 (depending on the temperature and the method of sample 
preparation 1 7 ) . The band width of this lattice mode also appears to be very variable 
but is normally found to be between 20 and 40 c m - 1 . We have attempted to separate 
these two bands for both liquid and solid spectra and some typical best fits to the 
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F I G . 3.—Typical " best " fit to a sum of three gaussian bands for the far infrared spectrum 
of BulN^CI" in liquid benzene, x , actual spectrum ; A , total computed band envelope ; B, band at 
~ H 5 c m - ' ; C, band at ~18l cm"'; D, band at 79cm" 1). 
observed overall profile are given in fig. 3 and 4. The results we have obtained for 
the separated bands are included in table I. It may be seen that the obvious con-
clusion is that the second band at about 75 c m - 1 is due to a perturbed " collisional " 
or lattice band of the benzene molecule, cither in the liquid or the solid phase, and 
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this strongly implies that the benzene solvent molecules are very much involved in 
the aggregate giving rise to the band at 115 c m - 1 . This is no ordinary " solvent " 
effect. The concentration of solvent molecules is typically more than twenty times 
that of the ions in solution and a very severe perturbation must occur for the benzene 
spectrum to be so pronounced. Table 1 shows that the integrated intensity of the 
benzene " collisional " band is perturbed by at least a factor of six in the liquid phase 
O.A j i 
j ° 3 - .:•!'''• ' 
6 G 3 0 :CO 120 140 !SO ISO 2 0 0 220 
wavenumber/cm-1 
Fic'4.—Typical best fit to a pair df lorentzian bands Tor the far infrared spectrum of BujN +CI~ in 
solid benzene. 
(based on the total benzene concentration). This must involve either an extremely 
powerful mode of " solvation " or possibly an " aggregate " which includes solvent 
molecules. In other words, it appears as though the ions may be " solvent separated " 
in the ion cluster. Ion-induced forces between the salt and the solvent will be 
operative and these will result in entirely different electrical field fluctuations when 
the benzene molecules collide, either with other solvent molecules or with the ions 
themselves. A simple ion-induced dipole calculation shows that the " ex t ra" 
benzene absorption can be accounted for if the ion and the benzene molecule have 
interaction distances of between 1.2 A and 1.9 A giving perturbed intensity values for 
I.OO 
Q.7S 
0 . 5 0 
I 
<4 
O.OOl 1 . . 1 
3 0 0 320 3 4 0 360 380 4 0 0 4 2 0 4 4 0 460 480 TOO 
wavenumber/cm-1 
Fio. 5—Spectrum of frozen solution of BujN+Cl - in benzene showing perturbed v,6 band at 403, 
416 cm- 1 . 
the collisional benzene band of 800 to 50 d m 3 m o l - 1 c m _ J . These distances are fairly 
short (compared with the sum of the van der Waals radii of the ion and molecule 
concerned) and provide support for the theory that the benzene molecules are severely 
perturbed by strong ion-molecule electrostatic interactions. We have confirmed 
using the Bu^N + Br~ and A g + C I O ; salts that the band at 75 c m " 1 is still present eVen 
though these salts have ion aggregate bands at different frequencies (i.e. the ion 
aggregate bands are shifted but the extra " benzene " band remains at the same 
position with the same relative intensity). 
It seemed to us, that, if the benzene molecule is perturbed in this way, then there 
ought also to be some perturbation of the internal modes. 
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Such a perturbation has been found fo r the vlb(c2u) band which is observed as a 
doublet at 403,418 c m - ' in the spectrum of crystalline benzene 1 8 (the spl i t t ing is 
caused by the l i f t i ng o f the degeneracy in the crystalline material l a ) . This band is 
apparently too weak to be observed in glassy benzene or in the l iqu id . 
I t is, o f course, fo rmal ly forbidden fo r the isolated molecule but allowed by the 
site symmetry o f the crystal."* Fig. 5 shows the spectrum o f the frozen salt solut ion 
rat iocd against the same thickness o f crystalline benzene. The perturbat ion in inten-
sity is o f the order o f 100% while the band positions are hardly moved at a l l . The 
presence o f this perturbed v 1 6 band serves to conf i rm the presence of crystalline 
material (as opposed to a glass) in the cell as well as supporting the far infrared evidence 
f o r a severely perturbed solvent molecule. We have not so far confirmed an intensity 
enhancement o f the v I t band in the liquid phase. This is due to the very low intensity 
o f the band in the first instance, f t seems iikeiy f r o m the very small difference i n 
. posi t ion and spli t t ing pattern o f the v 1 6 band that the nature and symmetry o f the 
benzene crystal is not drastically altered by the dissolved ions, al though there is 
clearly a large electronic perturbation. This particular mode is a C C C out o f plane 
rock ing mode 1 9 and it is the only interna! mode wheh we have found to be severely 
perturbed. This implies that the cation interacts wi th the benzene molecule in a way 
wh ich affects out o f plane rocking modes o f the r ing . This might be expected to be 
the case f o r a strong electrostatic interaction wi th the prr-bonding orbitals o f the 
benzene and would appear not to be the expected behaviour fo r a donor-acceptor 
interaction o f the benzene-Bu^N + system, 2 0 - 2 1 in which case perturbat ion o f the 
tota l ly symmetric modes o f benzene would be expected. The impl icat ion is that the 
anion and cation in solution are closely associated w i t h one another, as indicated by 
the freezing point measurements. 1* 
I 6 
i> J 
0.2 O.t O.b o.e I.O 1.2 
c/mol d m - ' 
F IG. 6—Intensity against concentration plot for tetra-n-butylammonium chloride in benzene at 291 K 
(low frequency absorption). 
We have fur ther attempted to investigate the results o f such ion aggregation on the 
far inf rared spectrum by studying the effects o f d i lu t ion . I n this region o f the 
spectrum (wi th our present optics and detector) we are only able to study benzene 
solutions o f up to about 2 mm pathlength. This means that our lower concentration 
l i m i t is about 0.05 mo l d m - 3 . The question is whether or not Beer's Law is obeyed, 
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since this ought to give some indication as to whether there is clear evidence (hat the 
aggregates are breaking up on d i lu t ion , it the absolute intensities for vibrations o f 
clusters o f difjcrcni sizes arc the same (or roughly so) then a ten or twenty-fold d i l u -
t ion is expected to lead to a decrease in the total band intensity since the number o f 
i o n - i o n vibrations decreases as the clusters break up. On the other hand, i f Beer's 
Law is obeyed this means that i on - ion vibrations in a large ciuster have a smaller 
inherent intensity than those smaller clusters. Fig. 6 shows that Beer's Law is, i n 
fact, not obeyed and represents fur ther strong evidence for the solvating abi l i ty o f the 
benzene molecules. However, we have since shown (unpublished, prel iminary data) 
that, for concentrations in the 0.1-0.45 mol d m - 3 range the B u ^ N + B r ~ band in benzene 
docs obey Beer's L a w quite well. The bromide salt is less deliquescent than the 
chloride salt and we have tried to f ind out whether the increase in intensity w i th con-
centration ( f ig . 6) is possibly due lo the presence o f (very smalt) amounts o f water in 
the solutions. To this end we have, added very small concentrations o f distil led water 
to our solutions and measured the intensity o f the ( total) low frequency band. The 
results are shown in table 2. 
T A B L E 2.—EFFECT OF ADDED WATER ON INTENSITY OF LOW FREQUENCY BAND FOR B u j N + C l 
I N BENZENE SOLUTIONS 
;„ natci" (by \olunic) m o l - 1 c m - : 
I t is obvious f r o m the table that the intensity o f the band is not increased by even 
large concentrations o f water and may, in facx, be decreased slightly as wou ld be 
expected i f the te t rabutylammonium salt is now being solvated by water rather than 
benzene. We have l i t t le doubt that the solution process fo r these tetra-alkylammo-
n ium salts is affected by the small amounts o f water present but the evidence is that 
the observed deviations f r o m Beers Law are not caused by water in the solutions. 
We are now proposing to study this and similar salts in a range o f polar and non-
polar solvents (e.g., dioxan, ch lo ro fo rm, carbon tetrachloride and te t rahydrofuran) 
w i t h the object o f studying differences in the band shape and intensity behaviour i n 
media o f different solvating abil i ty. We are also proposing to compare these spectra 
wi th those which are thought to arise f r o m the l ibra t ion o f a solvated cation (usually 
a metal cation) and attempt to correlate the spectral and dynamic parameters w i t h the 
nature o f solvent action. Some efforts wi l l be directed towards casting fur ther light 
on the or ig in o f the band.which arises to the high energy side o f the ion aggregate 
band (at about 200 c m - 1 on tig. 1). This is certainly a real band and i t appears to 
have a counterpart in the spectra o f L i + and N a T ions in solvents such as acetone 
and te t rahydrofuran. The band does appear fa i r ly sensitive to the anion used and 
could be a " solvated anion " phenomenon. However, this requires more extensive 
investigation. 
Final ly , w i th the installation o f a polarizing optical a r r a n g e m e n t 2 2 and a l iqu id 
hel ium cooled detector we shall be able to reach lower concentrations o f salt and 
approach more closely the " ion pair " situation. 
0.!6 
0.38 
0.44 
0.73 
1.19 
11.35 
10.66 
10.37 
10.57 
10.67 
" Conccniraions monitored using the Karl-Fischer meihod. 
8 C . B A R K E R A N D J . Y A R W O O D 1 3 2 9 
Meanwhile , this w o r k shows how valuable in fo rma t ion on the nature and extent 
o f solvated ion aggregation may be obtained using very far infrared spectroscopy. 
C. B. thanks S.R.C. fo r a C.A.S.E. studentship (granted in col laborat ion wi th 
Beckman-RI IC L t d ) . Thanks are also due to S.R.C. f o r an equipment grant to 
purchase the far inf rared interferometer. 
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The far-infrared spectra of tetra-n-butylammonium halides in benzene, chloroform and carbon 
tetrachloride are interpreted with the aid of a dynamic model based on the stochastically modulated 
oscillator theory of Kubo. Although the model is not necessarily unique for this particular (and com-
plicated) system, it does enable a reasonable interpretation of the observed band frequencies, widths 
and intensities and their variation (or otherwise) with changes of salt, solvent and temperature. All 
the data are consistent with situations in which the ion-pair (or aggregate) vibrations are stochastically, 
but relatively slowly, modulated by interaction with the surrounding solvent molecules. The 
perturbation of the solvent molecules, mainly by dipole-induced dipole interaction, is shown to be 
severe. There is also evidence of strong coupling of the solvent " collision mode " and the ion-pair 
vibration and that the latter is strongly overdamped by a high Langevin friction constant. The 
implications of this work for the interpretation of data obtained at lower frequencies are considered 
to centre on the large solvent-solute interaction and this large microscopic viscosity coefficient. 
The far- infrared (submill imetre) absorption by electrolyte solutions has been 
examined both d i r e c t l y 1 - 3 and i n d i r e c t l y 4 , 5 (using high frequency microwave measure-
ments). Recent work in our l a b o r a t o r y 6 has been aimed at a comprehensive quant i -
tative study o f a range o f te t ra-a lkylammonium salts in (supposedly) poor ly solvating 
media in an effor t to throw fur ther light on the nature and or ig in o f these absorptions. 
I n this paper we examine the possibility o f constructing a dynamic model f o r the ion-
pairs (or aggregates) which w i l l a l low us to interpret the experimental data in a 
meaningful way and which w i l l (hopeful ly) provide fur ther insight into the vibrat ional 
and relaxational behaviour o f the system. We also consider here the ways in which 
our model may be developed and tested, and the similarities and differences between 
this and other models—particularly ones used to interpret " dielectric " (microwave) 
da ta . 4 - 5 - ' - " 
E X P E R I M E N T A L 
The measurements were made using a Beckman-R.T.I.C. Ltd. , FS720 interferometer and 
fixed pathlength cells o f stainless steel with high density polyethylene windows. A Beckman-
R.I . I .C. Ltd. variable temperature cell holder (VLT-2) and temperature controller were used 
for measurements between 285 and 350 K . The tetra-n-butylammonium salts were pur-
chased f rom Eastman-Kodak Ltd . They were dried (when necessary) and the water content 
of the solutions was monitored by the Karl-Fischer method. The solvents were either 
" AnalaR " or " Spectro " grades and were dried over molecular sieves immediately prior to 
use. 
The spectra shown here are ratioed absorbance spectra (corrected for gain differences) 
of the appropriate solution against pure solvent background. The spectral resolution is 
~2.5 c m - 1 . Our methods of estimating the precision o f the data, of constructing a meaning-
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fu l " base line " (for intensity measurements) and of checking on the effects of small amounts 
of water in the solutions have been published previously.1 
R E S U L T S 
Typical spectra o f B u 4 " N + C I ~ in the three solvents used and o f B u 4 n N + B r " in 
benzene are shown in fig. 1-4 together wi th the decomposition ( fo r B u 4 n N + C l ~ 
solutions) into their separate components. 3 The resulting band frequencies, half-
widths and intensities are given in table I . Our in i t ia l interpretations o f these spectra 
have already been publ ished 3 but, since any model which is constructed must at least 
be consistent wi th the experimental data, it is appropriate here to summarise the 
principal features o f the observed spectra. 
(a) The band system ( f o r B u „ n N + C l ~ solutions, at least) can be decomposed in to 
three separate bands (called A , B and C for convenience) each o f which appears to 
be consistent (both statistically and phenomenologically) w i th the (assumed) Gaussian 
p r o f i l e . 1 3 
(b) The three bands are o f dist inctly different widths and intensities and these 
parameters are to some degree (see discussion below) dependent on variables such as 
salt, concentration and temperature. However, the main features o f the spectra 
remain essentially unchanged fo r a given anion (but change when the anion is changed). 
I n particular, the spectra are to a large extent solvent independent. 
(c) The assignments 5 o f bands A and B to phenomena associated wi th solvent (v 5 ) 
and ion-aggregate ( v c A ) ( ion-pair in di lute solution) respectively is fa i r ly straight-
fo rward . Thus, v, corresponds to a (perturbed) collision m o d e 1 4 o f the non-polar 
solvent while v c A is taken as a v ibra t ion o f anion against cation in an ionic aggregate— 
whose exact nature, i n concentrated solutions, is somewhat obscure. 
The assignment o f band C is more d i f f icu l t but we shall see that our model points 
to a reasonable interpretat ion in terms o f a combinat ion band o f v 5 + i ' c A (see below). 
T H E O R E T I C A L C O N S I D E R A T I O N S 
Previous m o d e l s 5 , 7 - 9 relating to the relaxation o f a system o f solvated ions have 
been aimed at interpreting data col lected*- s - 1 ~ n at much lower frequencies ( typically 
between 100 Hz and 300 G H z i.e., up to 10 c m - 1 ) on the dipolar relaxation o f the 
perturbed solvent and o f the ion-pairs (or aggregates o f ion-pairs). As pointed out 
by Lestrade et a/.,5 the relaxation (or other) phenomena which are observed depend 
on the frequency o f the radiat ion used in the experiment and so in the far - inf rared 
region (at frequencies corresponding to > 1000 G H z ) we expect to " see " phenomena 
which are characterised by relaxation times in the 0.1-1.0 ps region. Nevertheless, 
i t is val id to observe that microwave measurements lead to relaxation limes f o r the 
ionic aggregate l ifet ime ( r , in Lestrade's no t a t i on ) 7 and fo r the elapsed time between 
ionic collisions (T s ) o f the order o f 100-300 p s . 5 , 7 - 9 This means that, as far as the 
far - inf rared region is concerned, the ion-pairs can be treated as though they are quasi-
stationary. This is one o f the assumptions inherent in the treatment given below. 
The other major assumption is that the vibrat ional mode considered is that o f a 
solvent-surrounded ion-pair (see fig. 5). Except in very dilute solut ion this is unlikely 
to be realistic, o f course, but we note that the spectra vary l i t t le over the concentration 
range studied down to 0.05 M . Further, we have now studied (wi th the aid o f a 
polarising optical system and a cryogenic de t ec to r 5 , 1 5 ) some o f these systems d o w n 
below 0.01 M wi thout any major spectral changes. So there may be some empirical 
jus t i f ica t ion f o r considering an ion-pair in pseudo-isolation. 
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Fio. 1.—Far-infrared spectrum, of Bu ; -N*C|- in benzene. X, observed 
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FIG. 2.—Far-infrared spectrum of Bu4 n N + CI in carbon tetrachloride. X, observed A, i», band at -70cm" ' ; B, v0A band at -120 spectrum; cm ' ; C, v, + v c . a l _ |85 D, total computed cm band envelope. 
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FIG. 3.—Far-infrared spectrum of Bu«nN + Cl~ in chloroform. X, observed spectrum; A, e, band 
a t~70cnv ' ; B , vCA band at —120 c m - 1 ; C, v, + vcA band at ~180 c m - 1 ; D , total computed band 
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FlO. 4.—Far-infrared spectrum of Bu 4 n N + Br~ in benzene. Bands A and B are now very much 
closer together and absorption in 150 c m - 1 region is very small. 
The observed spectra and in i t ia l in te rpre ta t ion 3 (see above) point to the need to 
consider a stable vibrat ing ion-pair (w i th a l ifet ime which is long compared wi th the 
vibrat ional period) whose solvation shell o f surrounding solvent molecules is consider-
ably perturbed by interactions w i th the charged species. 
Consider ( f ig . 5) a representative solvent molecule (S) at radial distance R f r o m 
the ion-pair CA. ( o f finite length r c A ) . A mult ipole expans ion 1 6 o f the potential at 
S due to the ion-pair is, 
V(R, 6)= + Qr°£™ °- + | ^ (5 cos 3 6 - cos 0) + . . . (1) 
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where Q is the electronic charge. I f R p rcA then the 1st term (dipole term) in (1) 
is dominant , and i t w i l l be a reasonable approximat ion to consider the solute-solvent 
interaction to be controlled mainly by dipole-induced dipole interactions. For a 
polarisable ion the dipole moment i s , 1 4 
HCA = Qr^ - % s £ (2) 
r cA 
and, fo r the te t rabutylammonium halides, | i c A is e x p e c t e d 1 2 1 7 to be about 30 — 36 
X 10~30C m. Thus, the dipole induced in a typical solvent molecule 
M-s = *SE (3) 
(where the field strength is g i v e n 1 8 by E = —grad {V(R, 0} gives rise to a potential 
energy o f interaction 
^dp- indp = — R E 2 ^ l i : 
© 0 O 
FIG. 5.—The ion-pair and surrounding solvent molecules. Parameters needed for the calculation 
of the dipole induced in a representative solvent molecule by a point dipole f i c / i . 
where a, is the polarisability o f the solvent molecule. I t should be noted that fo r 
benzene the polarisabili ty is distinctly an i so t rop ic , 1 9 , 3 1 and this may result in orienta-
t ional effects around an ion-pair. The results o f applying eqn (3) and (4) w i l l , o f 
course, be to calculate significant dipole induced interactions between the ion-pair 
and solvent. 
We now have to note that, due to the motions o f the solvent molecules, and also 
due to the vibra t ion o f the ion-pair, the clipole-induced dipole interaction o f eqn (4) 
is time dependent. I n particular, it w i l l depend on rcA(t) and R(t) and, since in 
the simplest case (2) reduces to y.cA = ( ? / c A , it then fol lows f r o m ( I ) , (3) and (4) that 
^up-indp is proport ional to the square o f the total ion-pair-solvent distance (see ref. 18, 
p. 126). However, i f R(t) is taken to be a slowly varying func t ion o f / ( for the simplest 
case) then we can write, 
L'dp-indp = HOrl*. (5) 
(However, see discussion section f o r details o f possible deviation f r o m this simplif ied 
expression f o r U.) k(t) then represents the time dependence o f the interaction 
potential and is a complicated func t ion which depends on (i) the relative orientations 
and separation o f the solvent and ion-pair ( i i) the (possibly an i so t rop ic ) 1 9 polaris-
abi l i ty o f the solvent molecules. Thus, as k(i) fluctuates, the ion-pair v ibra t ion 
suffers a stochastic modulat ion which w i l l , o f course, in principle afTect the spectrum. 
The ion-pair v ibra t ion may now be treated using the general fo rmal i sm developed 
by K u b o 2 0 fo r calculating the spectral line shape (or associated relaxation func t ion) 
o f a randomly modulated oscillator. (This treatment has recently been successfully 
a p p l i e d 2 1 , 2 2 to the case o f a weak hydrogen-bond vibra t ion in a " bath " o f surround-
ing solvent molecules.) 
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The Hami l ton ian fo r the vibrat ion o f the ion-pair is wri t ten as 
3? = iplJm + i»> ^ C A < " C A + krlA 
= tplJm + im rlA {co\A + 2k/m} ( 6 ) 
where m is the reduced mass, g i v e n " fo r a contact ion-pair as, 
_ Me(MA - I - Mt + A / c ) , 
~ ( W A + A* 8) l / ) 
the subscripts C, A and S referring to cation, anion and solvent respectively. We 
may now regard the operator (6) as a stochastic operator wri t ten as, 
= 1a»IA/'« " I - im rh " A O 
where the effective time dependent oscillator frequency, is obviously given by 
~ W c A + M l + . . . . ( 8 ) 
Thus a>(f) = w 0 -|- w ^ / ) where w 0 = wcA and = k(t)/mtocA in our case. 
The transition dipole relaxation func t ion , ip(t), o f the oscillator is g i v e n 2 0 by, 
rtr)=<exp(i/A(r')d<')> ( 9 ) 
-'0 
is easily calculated f r o m the spectral d is t r ibut ion , I(co) since the transit ion dipole 
moment autocorrelation funct ion is 
<H(0) • „.(,)> = | / / 2 | e x p ( - i W c A / M / ) (10) 
and 
/(co) = |/<2| f "%xp[ i (<o - cocA)tMt)dl. (11) 
' —CO 
Al though the calculation o f #>(f) is easy (see fig. 6), in order to proceed fur ther w i th 
the interpretation in terms o f the molecular properties o f the system it is necessary 
to know the f o r m and dis t r ibut ion o f the stochastic process, k(t), o f eqn (8). A l though 
expressions fo r k(t) are complicated (and we do not believe that, wi th the present 
quali ty o f spectral data, band t i t l i ng is just i f ied) we do have some experimental 
evidence as to the probable source and properties o f this process. 
We first note that the observed spectral d is t r ibut ion o f r c A and its associated ip(t) 
( f ig . 6) are well-approximated by Gaussian functions wi th relaxation times o f about 
0.4 ps. I n the slow modulat ion l i m i t 2 0 , 2 2 (i.e., fo r a k(t) process which is slow com-
pared the rate o f decay o f the dipole moment relaxation funct ion <p(t)) the spectral 
d is t r ibut ion fol lows the statistical dis t r ibut ion o f k(t)—which wou ld , in that case, be 
Gaussian. Further, we note that the band profi le is expected 2 2 to be Gaussian (by 
the central l imi t theorem 2 4 ) i f the number o f near neighbour solvent molecules is 
large. Since it is unlikely that benzene molecules are r igidly " bound " to the ion-pair 
in this case, it is d o u b t f u l i f the solvation number concep t 5 , 2 5 means very much f o r 
these solutions. However, the te t ra lkylammonium ions are k n o w n 2 6 to have effective 
ionic sizes (wi thout solvation shell) o f 4-5 A and the number o f benzene near neigh-
bours is estimated to be about 20-30. However, k(t) is clearly not a stationary 
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Fio. 6.—Relaxation functions <p(i), of the i \ and v C A vibrations in the Gaussian approximation. 
process. In the l iquid phase we know that the solvent molecules collide wi th the ion-
pair (or aggregates) and wi th each other. Indeed, we see the effects o f these collisions 
in the " A " band o f the observed spectrum. So one component o f k(t) w i l l fluctuate 
at the solvent collision rate and another component wi l l fluctuate at the solvent-ion 
collision rate. Since the mot ion o f the ions is rather slow it is principally these 
motions o f the solvent molecules which lead to the variat ion o f k w i th t ime. Thus 
the coll is ion mode o f the solvent may be treated as a stochastic process. I f the 
change in R caused by collisions is AR then 
R(t) = R0 + AR(t) (12) 
and, since the effect on w c A is through dipole-induced d i p o l e 1 6 , 1 8 interactions, 
*(/) = C'R-6 = C ' ( « 0 + A K ) - 6 . (13) 
Expansion o f (13) gives terms in AR, AR2, etc. which, when used to m o d i f y the 
Hami l ton ian , w i l l lead to terms in r\A • AR, /-2A • AR1, etc. These w i l l lead, in 
principle, to coupling o f the collisional (v s ) and ion-pair ( i ' c A ) modes. The resulting 
effect, which is expected to be large because v s and v c A are very similar in frequency, 
is that a band at « P S -\- v c A is predicted. The presence o f a band very close to 
+ P C A 1 1 1 o u r spectra—a band wi thout any other obvious explanation—provides 
strong support f o r the general val id i ty o f our model and the preceding theoretical 
considerations. 
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D I S C U S S I O N 
Clearly, the principal observed spectral features are adequately explained wi th the 
aid o f the model o f the electrolyte/solvent system which is outl ined above. This 
model is based on a stochastically modulated ion-pair v ibra t ion , the modula t ion being 
provided by the surrounding solvent molecules, which are themselves severely per-
turbed by the effects o f dipole-induced dipole interactions. Nevertheless, it is useful 
to consider the data in rather more detail in order to investigate more closely the 
nature o f the molecular processes involved in giving rise to these spectra. Consider 
first the " A " band (v s ) . The results in benzene solution show that both the wid th 
o f this band and its intensity increase wi th increasing temperature, while the band 
centre remains fa i r ly constant (wi th a slight tendency to show a high frequency shif t 
but the scatter o f data is too high fo r this tendency to be confirmed). These results 
are, o f course, what is expected i f the band is due to collisions o f the solvent molecules. 
For example, Pardoe 2 7 f ound that coll ision bands o f non-polar solvents increase 
slowly w i t h an increase in temperature ( in contrast to the behaviour o f the " l ibra-
t ional " band 2 7 - 2 9 o f a polar solvent which decreases rapidly in frequency as the 
temperature is increased). Thus, our data strongly support the idea that band " A " 
is caused by solvent molecules translating against one another (and against the ions 
in solution), the large perturbation being due to the greatly enhanced f luctuat ing 
electrical fields caused by changes in the solvent-ion distances. Al though any solvent 
might be expected to show this effect, a correlation is expected between the size o f 
these f luctuat ing fields (and hence spectral intensity) and the polarisabili ty. I t is 
clear f r o m table 1 that, indeed, the largest " A " band intensity occurs fo r benzene, 
which is known to have high po la r i s ab i l i t y . 3 0 , 3 ' (Since carbon tetrachloride also has 
a high polar i sabi l i ty 3 1 it appears that the anisotropy o f the polarisability o f benzene 
does play an important role.) The data fo r carbon tetrachloride and ch lo ro fo rm show 
some interesting features in that the vi band frequency is v i r tua l ly solvent independent. 
Carbon tetrachloride shows ' 4 a collisional band at 4 4 c m - 1 in the pure l iqu id , while 
ch lo ro fo rm shows 3 2 an absorption maximum at ~35 c m - 1 . O f course, the situation 
is complicated in ch lo ro fo rm by the presence o f permanent solvent dipoles and the 
poss ib i l i ty 3 3 o f specific solvation o f the anion, but i t appears that interaction wi th the 
ion-pairs ( o f aggregates) in solution is so strong that this produces vir tual ly the same 
" e f f e c t i v e " collisional frequency o f the perturbed solvent molecules. This may be 
related to the change in v i s c o s i t y 2 7 , 3 4 o f the medium on going f r o m solvent to solut ion 
(some o f the solutions are highly viscous 3 4 especially at the higher concentrations) but 
i n that case, i t is surprising that benzene does not show the same effect. 
The results in benzene show that this band is strongly anion dependent, the frequency 
and intensity o f the band decreasing somewhat on going f r o m C l ~ to B r - (table I ) . 
This implies that the effects o f ion-solvent interaction are smaller fo r the bromide 
salt. Such effects depend, o f course, on the " effective " dipole moment o f the ion-
pair ( /< c A o f eqn (2)) and some such values have been calculated f r o m dielectric 
d a t a . 1 2 , 1 7 , 3 5 Since the effective interionic distance is expected to be greater f o r the 
bromide salt the effective dipole moment should be greater. Comparison o f the 
observed dipole moment d a t a 3 3 fo r the corresponding B u A n N H + X ~ ( X = C I , Br, 1 ) 
salts shows that this is indeed the case. However, the exact nature o f the species 
present (and their electrical properties) depends on the extent o f ionic aggregation so 
i t is d i f f icu l t at this stage to be sure o f the effects to be expected. Measurements o f 
the far - inf rared spectra at much lower concentra t ions 1 5 should throw fur ther l ight on 
this problem (and remove possible effects due to gross viscosity changes). 
Considering now the " B " band (designated v c A ) we see f r o m table 1 that the 
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most obvious feature o f the data is the almost total invariabi l i ty o f the spectral para-
meters fo r a given salt. The band centre and width remain constant (wi th in the 
experimental error) over a concentration range o f 0.8-0.05 M and a temperature 
range o f nearly 70 K f o r three different solvents. (There is a suspected tendency to 
show some increase in intensity as a func t ion o f increasing temperature but this effect, 
i f real, is small.) On the other hand, there is a considerable shif t o f v c A on changing 
the anion and this is roughly in propor t ion to the increase in effective reduced 
mass . 1 , 2 , 2 3 The data serve to conf i rm that this band is due to an internal mode (or 
modes) o f the ion-pair or aggregate. They also enable us to conf i rm that the principal 
effect o f the presence o f these ions is, as expected, a large dipole-induced dipole effect 
on the surrounding solvent molecules. W i t h i n the f ramework o f the stochastic 
mode! outl ined above, we might expect that this v ibra t ion would be sensitive to both 
temperature and solvent since we have treated the collisions o f the solvent as a stochas-
tic process—giving rise to k(t) o f eqn (5)—and these processes are obviously dependent 
on temperature and microscopic solvent properties (the solvent properties are usu-
a l l y 2 0 , 2 1 characterised by a " f r i c t ion constant " , /?, obtained by using the Langevin 
equation o f mot ion f o r the displacement coordinate, rcA (i.e., r c A + flrcA + w 2 A r c A 
= F(/ ) ) . Such a f r i c t i on constant (or damping factor) w i l l be temperature- and 
solvent-dependent). However, i t is easily shown that, in the classical (high tempera-
ture) approximation, the root-mean-square amplitude o f the oscillator A (equivalent 
to < / : 2 > l / 2 in the slow modula t ion l imi t and measured by the band wid th in this 
approximat ion) is propor t ional to T u z so over a range o f 70 K. the effect is unlikely 
to be large. The damping factor, /?, being a viscosity coefficient, is exponentially 
dependent on temperature and should also change f r o m one solvent to another. The 
fact that l i t t le or no change occurs in the band profi le w i th temperature or solvent 
strongly supports the assertion that one is dealing wi th the slow modula t ion l i m i t : 
this is fur ther rationalized as fol lows. I t seems that /? is so la rge 3 4 f o r the concentra-
tions studied so far that the vibrat ional mode v c A is heavily o v e r d a m p e d 2 0 , 2 1 (/?/2a>cA 
> 1). Since the amplitude o f the modula t ion <A: 2 > 1 / 2 is also large we see that the 
slow modulat ion l imi t (A • /?/2a>2cA ^> I in this n o t a t i o n 2 0 , 2 1 ) arises as a natural conse-
quence o f the combined high viscosity and rapid rate o f vibrat ional re laxat ion. 2 2 We 
note here that the mean vibrat ional l ifet ime measured by the rate o f decay o f p ( f ) — 
see fig. 6—has a time constant o f ~0 .4 ps. This is comparable wi th the rate o f 
collision o f the solvent molecules, o f course, and means that the rate o f modulat ion 
o f the environment o f the ion-pair oscillator is a considerably slower process than 
the rate o f solvent-solvent collisions. I t is known f r o m dielectric s tudies 3 , 7 that the 
time between ion-ion collisions is o f the order o f 200 ps and i t is possible that i t is 
this quasi-static situation o f the solute particles which leads to the slow modula t ion 
l i m i t . Wha t is clear is that the variat ion o f k(t) (eqn (5)) is slow compared wi th the 
decay o f <p(t) and that this is caused (as far as the model is concerned) principally by 
a very high viscosity coefficient fi. Our current studies are aimed at collecting more 
accurate data at reduced concentrations and extending the solvent and temperature 
range so that some o f these ideas may be fur ther tested. 
As we have already pointed out, the band " C " in the spectrum is explained 
w i t h i n the f ramework o f our model as a combinat ion band o f v s + v c A which arises 
through strong coupling o f the solvent collisional and ion-pair v ibrat ional motions. 
Interestingly, the band is very weak in (or absent f r o m ) the spectra o f B u 4 n N + B r " 
solutions ( f ig . 4) but one can only speculate at the present time as to why this is. Only 
an investigation o f salts wi th a range o f anions w i l l indicate whether or not there is a 
strong anion dependence o f the intensity o f this band. 
Final ly, it is interesting to consider what aspects o f the model described and the 
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conclusions drawn here have a bearing on models used lo interpret microwave data 
on similar solutions. T w o points emerge which need to be carefully considered in 
relation to the data obtained at lower frequencies. These are: ( i ) the very severe 
perturbation o f the solvent molecules and their large induced dipole moments; ( i i ) the 
very large viscosity coefficient—arising very probably f r o m the large macroscopic 
viscosity o f the solutions. Both these eff ects are l ikely to be impor tant in the micro-
wave region o f the spectrum and indeed have been, at least impl ic i t ly , taken in to 
account. 5 - 7 ~" The real value o f this work may well be that we have shown a com-
bination o f studies in different frequency regions leads to a better understanding o f 
the fundamental resonant and relaxation processes involved in the behaviour o f 
similar or identical systems. 
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